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With 5 text-figures 
Printed in Great Britain 


THE RELATION OF WORK AND OXYGEN CONSUMPTION IN 
ISOLATED STRIPS OF CAT AND RAT MYOCARDIUM 


By W. J. WHALEN 


From the Department of Physiology, College of Medicine, 
State University of Iowa, Iowa City, Iowa, U.S.A. 


(Received 4 July 1960) 


In previous studies (Whalen, 1959, 1960) it was reported that initial 
length and, to a much greater extent, frequency of the isometric contrac- 
tions were the factors which most significantly affected the oxygen con- 
sumption of excised strips of parallel-fibred mammalian myocardium. The 
amount of the developed or resting tension did not appear to be con- 
sistently related to the Q,,. Recently a sensitive isotonic gauge was 
devised in order that the influence of shortening and load on the Qo, could 
be assessed. If the energetics of mammalian heart muscle and amphibian - 
skeletal muscle are similar, additional oxygen should be consumed (see 
Fenn, 1923; Fischer, 1931; Hill, 1953). The experimental results pre- 
sented here are also compared with the results from studies on the effect of 
work and tension on the oxygen consumption of the intact heart. 


METHODS 


One of the trabeculae carneae or a papillary muscle of the cat (Cattell & Gold, 1938) or 
rat (Ullrich & Whitehorn, 1956) was excised and fastened to the muscle holder as previdusly 
described (Whalen, 1957). During dissection the muscle was conenanety aerated with 98% 
oxygen and 2% (v/v) carbon dioxide. 

The respiration chambers previously described (Whalen, 1957) permit the simultaneous 
measurement of muscle tension and oxygen consumption. Modifications of the chambers 
have improved the accuracy of the measurement of the oxygen uptake (see Fig. 1), A com- 
pensating chamber has been added and oxygen consumption is now measured volumetrically, 
essentially as described by Scholander & Edwards (1942) and modified by Wennesland 
(1949). The mercury seal, through which a monofilament nylon thread transmits muscle 
tension to a Statham strain-gauge (or isotonic lever), was also modified by embedding a ring 
of nickel around the mercury well. Previously the essentially non-wettable plastic surface 
permitted the occurrence of a small unpredictable leak around the mercury ‘seal’. The 
nickel ring, which is wetted by the mercury, has eliminated this source of error. 

The muscle and weights were attached to the isotonic lever as shown in Fig, 1. To reduce 
the effect of inertia the weight was hung 1 cm from the potentiometer shaft and the muscle — 
attached 2 cm distant. (In the text reference will be made to the actual load on the muscle, 
one half of the attached weight.) In considering whether the contraction was indeed iso- 
tonic, the reaction force on the muscle was calculated on the basis of an estimated maximum 
acceleration of 150 cm/sec? seen at the — muscle load of 0-5 g. The moment of inertia (I) 
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of the lever was obtained from the formula for a thin homogeneous rod, I = ys x 0°32 g x 

(4)? = 0:43 g.cm!?; the total moment (I) being 1-43 g.cm?. With an angular acceleration (a) 
of 75 radians/sec? the force due to acceleration was about 11% of the force due to gravity. 

(With heavier loads the reaction force would be somewhat less.) When these calculations 
were checked empirically by attaching the lower end of the muscle to an isometric gauge, 
the departure from isotonicity was found to be about 15%. 


1:34 volts 
Potentiometer 


Air ff Micrometer 
with counter 


Compensating 
chamber 


Bottom view 


Absorber cup 
Mercury seal me Baffle 
— Stirring magnet 


Gas Stimulus 


Fig. 1. Drawing of chamber and isotonic gauge. The potentiometer is a Giannini 
Microtorque, model no. 85113. When vibrated at 400/sec the starting torque is 
nearly zero. With the Offner Dynograph recorder used, movements of the tip of 
the lever arm could be measured with an accuracy of 0-025 mm. | 


The work done was calculated from the final height to which the load was raised, since, 
except for any frictional force, the kinetic energy imparted to the system would be converted 
to potential energy during deceleration. Since the acceleration did not exceed that due to 
gravity, no ‘over-shoot’ would be expected, and changes in muscle length could also be 
measured from the total excursion of the recording pen. 

Three chambers filled with 8 ml. of Feigen’s solution (Feigen, Masuoka, Thienes, Saunders 
& Sutherland, 1952) were placed in a tant-temperature bath held at 31-7+0-01° C. Two 
chambers contained tissue, the other served as a thermobarometer and as an additional 
control for the oxygen uptake by the diethanolamine CO, ‘absorber’ (Pardee, 1949; Krebs, 
1951). After gassing the chambers with 98% O, and 2% CO, (v/v) the gas was turned off 
and me chambers were allowed to equilibrate for 45 min. 
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In a preliminary series of experiments (series A) the muscles were free-loaded during the 
periods of isotonic contraction. A 1 g load was placed on each muscle (see Fig. 1) and the 
two muscles allowed to extend passively for 10 min, at which time one muscle was then con- 
nected to the strain-gauge for registration of isometric tension. Stimulation of both muscles 
with biphasic, supramaximal pulses of 1 msec duration at 30/min was then begun through 
the mass platinum electrodes lying alongside each muscle. In successive periods of 50 min 
each, during which oxygen consumption and contractile force, or shortening, were recorded 
the type of contraction was alternated. Ten-minute ‘change-over’ intervals were interspersed 
between the experimental periods to allow for any oxygen debt or lag in the system (Whalen, 
1957). A day’s run usually consisted of two or three isometric periods and two or three 
igotonic periods, 

In the second series of experiments (B) the muscles were after-loaded. Thus, the initial 
length of the muscle was held constant during the paired periods of isotonic and isometric 
contraction. In addition, a wide range of loads was used over a wide range of initial lengths, 
and the experimental periods were shortened to 30 min. Also, the strain-gauge was oot used 
in series B since it did permit a small amount of shortening. Instead, the isotonic lever was 
held rigidly by a set-screw, which limited the amount of shortening to less than 3%. At the 
end of the experiments the muscles were measured, blotted, and weighed immediately. The 
tissues were dried overnight at 100° C and weighed again. The dry weight was 23-:0+4% 
(s.D.) of the wet weight. Qo, was calculated in the usual manner, it being expressed as 
pl.O, (s.t.p.)/mg dry wt./hr. 

In series A (and C) only muscles which measured less than 1-2 mm in diameter were 
employed. In series B the measured diameter of the 32 muscles used ranged from 0-4 to 
1-8 mm, with a mean of approximately 1-1 mm. 

The critical diameter for adequate oxygen diffusion. Calculation of the critical radius for 
oxygen diffusion was carried out by Hill’s (1928) equation, r’ = ,/(4.Ky,)/a where K i is the 
diffusion coe ficient of oxygen through the tissue, y, is the external oxygen tension, and a is — 
the oxygen consumption in ml. O,/ml. wet tissue/min. The Krogh (1918) diffusion coefficient 
as used by Hill (1928), extrapolated to 317°C, gave a value of ‘1-57 x 10-® (cf. Creese, 
Scholes & Whalen, 1958). To determine the appropriate value for the oxygen consumption, 
a curve was drawn relating oxygen uptake and the cross-sectional area as calculated from 
the net weight and length. In this calculation, which gave a somewhat higher value for the 
diameter, the specific gravity was assumed to be 1:05 as found by Creese (1954) for the rat 
diaphragm. Up to a cross-sectional area of 1-35 mm* the trend of the oxygen consumption 
was upward, though the rise was not significant. With thicker muscles the Qo, fell somewhat. 
It was also observed that most of the thinner muscles showed less decrement in contractile 
force with time. Thus, the oxygen consumption of 0-023 ml./ml. wet tissue/min obtained 
frozn the twelve thinnest muscles in:series B was chosen as being the most accurate value. 


_ The value for y, was taken as 0-98. Substituting these values in the Hill equation revealed 


that the diameter of the muscle should not have exceeded 1-0 mm in order to insure adequate 
diffusion through the entire muscle. It is obvious that some of the muscles in series B must 
have become anoxic at the core, but the results from thick and thin muscles were qualita- 
similar, 


RESULTS 


Table 1 summarizes the data from the first series 8 of as experiments 
with the cat papillary muscle. The mean amount of shortening during iso- 
tonic contraction in this series was 1-4 mm, a change of about 12-2 % from 
the mean final measured resting length of 11-6mm. Since the muscles 
were free-loaded during the isotonic periods, some extension over the 


original unstretched length occurred during the course e of the experiments. 
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The extension amounted to about 30% of the unstretched length at the 
beginning. Most of the extension occurred in the first 10 min after adding 


the weight. This degree of stretch is below the point at which efficiency is — 
maximum (see below), but about at the point where contraction amplitude _ 


is maximum, the ‘optimum length’ (Whalen, 1960). 

Table 1 shows that regardless of the statistical method of treatment the 
Qo, during periods of isotonic contraction was significantly lower than 
during periods of isometric contraction. It would appear that any extra 
energy liberated as a result of shortening or work does not increase the 
_ total oxidative metabolism of heart muscle. : 


Tastx 1. Comparison of the Qo, during isotonic and semi-isometric contraction at fre- 
quenc¥ (F) of 30/min. Paired data from each of twelve strips were averaged in determination 
of percentage change. Tho absolute values are unpaired, and here N refers to the number 


determinations’ 
Qo, (%) 
Isotonic 
N F (1 g wt) Isometric P 
12 30 100 116 +30 > 0-01 
(S.E.) 
Qo, (absolute values) 


30 30 3234015  3-73+0:18 0-05 


In order to determine whether this lack of correspondence between work 
or shortening and oxygen consumption was limited to cat myocardium, 
rat trabeculae carneae were tested. The experimental conditions were the 
same as in series A, except that the bath temperature was 28° C and the 


stimulation rate was 60/min. The mean Qo, of twelve muscles for the iso- — 


tonic periods was 6-0 + 0-48 (s.z.) and 5-9 + 0-40 for the isometric periods— 
obviously not significantly different. | 
The question arose as to whether the apparent lack of direct correspond- 


ence between oxygen consumption and work or shortening was obscured ~ 


at the near-optimum length used. By extending the range of length and 
loads to include both sides of the optimum length an increased ‘isotonic’ 
‘Qo, might be seen. Fenn (1923) did find that the extra heat passed through 
a maximum at about the point of maximum work output, after which both 
work and heat declined to the isometric level (see also Fenn & Latchford, 
1933). | 

The results from series B are shown in Fig. 2. Since cat papillary muscles 
and trabeculae carneae responded similarly, the data were pooled. In none 
of the sixteen experimental conditions was the isotonic Qo, significantly 
different, at the 5% level of confidence, from the isometric level. This was 
true even when analysed on the basis of percentage change to eliminate 
inter-individual variability. The points for the lowest load at each length 
are replotted in Fig. 3, to reveal more clearly the increase in Qo, accom- 
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panying an increase in both the length and the load. That this increase is 
mainly due to the increased length is illustrated in Fig. 4, in which the 
results obtained at the 1250 mg point are plotted to reveal the effect of 
increasing length at a constant load. Here the isotonic and isometric Qo, 


065 
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Fig. 2. Data from 22 cat papillary muscles and 10 trabeculae carneae stimulated 
at 30/min. Each point plotted represents 11-15 determinations. The s.z. of the 
Qo, value of each point ranged from 0:37 to 0-67. Work, x, is expressed as g.cm/ 


mm*/min. @—®@, isotonic Qo,; ------ , isometric Qo,. 


length attained with the various loads (see Methods). 


refers to initial 


rise together. The increase in Qo, with length is ‘deci that to be scoueted 
from previous work (Whalen, 1960). The declining limb with extensive 
stretch was not, however, seen in the earlier work on heart muscle (Whalen, 
1960), although it was found in rat diaphragm muscle (Whalen, Dernberg 
& Jenden, 1958). Hill (1958) found a decline in the heat production 
beyond resting length during isometric twitches of the frog’s sartorius 
muscle, The decline i in Qo, with greater extensions in the present experi- 
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Fig. 3. Plot from data shown in Fig. 2 illustrating the effect on Qo, and work of 
increasing length up to about 60 % over the relaxed length and weight from 500 to 
1250 mg. x work; @ isotonic Qo,; O isometric Qo, 
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Fig. 4. Plot from data in Fig. 2 showing the effect on Qo, and work of increasing 
length at constant load of 1250 mg; symbols as in Fig. 3. 
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ments is almost certainly due to a fault in the experimental design, in that 
the largest extensions were almost invariably used in the last periods of the 
day’s run when the Qo, had fallen about 20%. For the present it is most 
important to know that the work performance had exceeded maximum 
where in Fenn’s (1923) paper the greatest excess heat was reported. That 
such was the case is apparent from Fig. 2, where the work curve is seen to 
reach a plateau at the 1-0 g length and to decline somewhat with increasing 
weight, although the Qo, remained high. Five additional experiments with 
a load of 3 g gave similar results. Summarizing, it is apparent that with a 
twofold change in work the Qo, did not vary significantly ; nor did the iso- 
tonic Qo, vary from the isometric Qo. 

With regard to the heat of shortening it might have been expected to be 
greatest at the points marked A or B in Fig. 2, for the mean shortening 
(1-3 mm) was maximal and identical at these points. The change in length 
was about 13% in both cases. The fact that the isotonic Qo, was close to 
the lowest value at one of these points and highest in the other argues 
against an extra energy release attributable solely to shortening. 

Because there was some disparity in the results between series A and B, 
and in order to test the effects of fatigue, six additional experiments were 
performed. In these experiments, as in series A, the muscles were free- 
loaded during isotonic periods, but the range of loads was extended and the 
set-screw was used instead of the strain-gauge. The experiments were 
designed to allow comparison to be made between a certain initial length 
at the beginning and at the end of the day’s run. Three of the cat papillary 
muscles were loaded with 500 mg.. and after two paired periods of isotonic~ 
isometric contraction the load was increased to 750 mg for two more paired 
periods. Two muscles were first loaded with 750 mg, then at 1250 mg. One 
muscle was loaded with 1250 mg for all eight periods, and since the decre- 
ment was zero could be included in the graph without unduly mananilg. the - 
results. Series C is graphically presented in Fig. 5. 

As in series A, the Qo, of isotonic periods is significantly below that of 
the isometric periods. It apparently does not matter whether the muscle is 
‘fresh’ or ‘used’. Nor is it only at the 1-0 g length that free-loaded muscles 
contracting isotonically consumed less oxygen than during isometric con- 
traction at the same length. 

In series C the Qo, did not decrease with time under conditions in which 
some extension of the muscle took place. This fact suggests that the decre- 
ment in Qo, with time, which occurs at constant length, is almost exactly 


balanced in free-loaded muscles by the increment in Qo, with increasing 


initial length. 
As in the afterloaded series (B), the work increased with increasing load, 


although the plateau of maximum work appears to have been reached at 
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about the 0-75 g point rather than at the 1-0 g point as before. Work and 
Qo, at the lower weight range showed a negative relationship, even 


though a greater Qo, might have been expected on the basis of greater ; 


initial length alone (Whalen, 1960). 


Efficiency (%) 


» 


Rate of work (g . cm/min) 


500 750 1000 1250. 3 
Load (mg) ee 


Fig. 5. Mean Qo,, total work and efficiency of six cat papillary sans three 
with light loads (------ ), and three differént muscles with heavier loads (——). The 
s.E. of each point is represented by the vertical bars. arenes as in Fig. 3. (For 
further explanation, see text.) 


Percentage 
The over-all ——- onsen was calculated according to me 
equation 
100 x (total W/min). 
-g.cm (total O,/min) 
It was assumed that the caloric wantadions of O, was 4-85 keal/l. (Lorber, 
1953). Conversion of the heat units to units of work gives a value of 


213 g.cm/l. O,. The mean over-all efficiency at which work was done in 
series A was 6-9%. In series B the efficiency ranged from a mean of 3-9 % 
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at the lightest load and shortest initial length to 6-3 % at the 1-25 g initial 
length loaded with 15g. With larger loads at the latter initial length 
efficiency declined to 5-2°%. The lower efficiencies in series B were partly 
due to the influence of the thicker muscles. The mean efficiency of the 
muscles less than 1-35 mm* in cross-section was 9-7 °; about the same as 
in series C (see Fig. 5). These calculations of the over-all efficiency include . 
the fraction of the metabolism necessary for maintenance at rest. After 
subtracting the resting oxygen consumption, obtained by extrapolating 
from data of previous experiments (Whalen 1960), the calculated external 
efficiencies are from two to four times higher. The thin strips in series B 
averaged 17-9%. In series A and C the mean external efficiencies were 
41 and 33 % respectively. : 


DISCUSSION 


It would appear from the present results that there may be major 
differences between the energetics of isolated frog skeletal muscle and 
isolated mammalian cardiac muscle. These differences are most evident 
when comparison is made with heat measurements during tetanic contrac- 
_ tions of frog sartorius nfuscle (e.g. Fenn, 1923; Abbott, 1951). The most 
closely related studies, however, are those of Fischer (1931), who measured 
the oxygen consumption of frog sartorius during a series df single twitches. 
The differences from my results are not so striking. Fischer reported that © 
_ while he found a 13 % increase in oxygen consumption with work, it only 
occurred at small shortenings with relatively heavy loads. As in the cur- 
rent studies, with large shortenings much less 0, was consumed. Fischer 
who, of course, had not the later experiments of Hill (19494, 6; 1953) with 
which to draw comparison, concluded that, ‘with single twitches the 
amount of shortening occurring during the contraction is of much greater 
influence than the work done’. He called upon the experiments of Hill 
(1925; see Hill, 1958) showing that the heat liberated during tetanic con- 
traction increased as muscle length increased, as has recently been shown 
to hold true for twitches of isolated heart muscle also (Whalen, 1960). 
‘Thus, since the mean muscle length was shorter during isotonic contraction 
the energy liberated would be expected to be less. Quantitatively this 
explanation appears to fall short of accounting for the significantly lower 
‘isotonic’ Qo, in series A and B, although it is still an open question. 

_ The possibility was entertained that the extra oxygen liberated with 
work was too little to be measured by the present method. The amount of 
extra oxygen, above the isometric, which might have been expected 
_ during the isotonic periods was calculated from the data of Fenn (1923). 
It was assumed that the temperature difference ( approximately 7° compared 
with 32°C) is negligible. Fenn (1923) found that efficiency did not vary 
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within a range of 0-15° C. However, efficiency of the dog heart“iifcreased 
about 50% with a change from 37° to 27°C (Reissman & Van Citters, 
1956). 
In series A the muscles lifted 1 g an average distance of 1-4 mm at a rate 
of 30 times/min for 50min or a total of 1500 times. Thus, 
total work (g.cm) 
O, equiv (213 g.cm/mm*) 


= 0-98 mm 


and since additional heat above the work equivalent was given off in the 


experiments of Fenn (1923), to the extent of 80 %, the initial O, equivalent 
would be expected to be about 1-75 mm?. The total extra O, would be at 
least twice this amount (Hill, 1939a) to allow for recovery, or 3-5 mm*. 

Since the standard deviation of a series of 50 min determinations on one 
strip was no more than 0-60 mm* this difference should have been detected. 

The heat of shortening is a quantity about which there is less contro- 
versy. Hill (19496) found that, provided shortening remained constant, 
the load on a frog sartorius muscle during a twitch could be varied tenfold 
without affecting the amount of heat liberated. Ina later paper (1953) he 
did find with an inertia lever that a fivefold increase in work increased the 
heat liberated by about 20% above the shortening heat. 

A number of papers (e.g. Hill, 1949@) have established that in amphibian 
skeletal. musele the heat of shortening per centimetre is approximately 
400 g.cm/cm? cross-section. Abbott (1951) and Abbott & Wilkie (1953) 
extended these observations to show that this constant was applicable 
through a wide range of shortening. Calculation of the extra oxygen 


equivalent to the heat of shortening showed that an increment of about — 


10 mm* O, might have been expected in series A. If external shortening 
had been as much as 3%, the excess O, due to shortening would have been 
about 7-5 mm*® O,—still an easily measurable difference. 

It is obvious that the amount of internal shortening complicates the 
determination of shortening or work energy. On the basis of the increased 
extensibility of heart tissue it may be that internal shortening is greater 
than in frog skeletal muscle, in which internal shortening, according to 
Hill (1949a@), can be as much as 5-10% of the length. The data in the 
present paper provide no evidence on this point, however. 

It is possible that the positive effect on Qo, of work or shortening is a 
characteristic peculiar to amphibian skeletal muscle. There is some infor- 
_ mation which indicates that the Qo, of the isolated rat diaphragm is not 
dependent on the work done (R. E. Smith & W. J. Whalen, unpublished). 
Also a recent paper by Fales, Heisey & Zierler (1960) showed that the 
number of stimuli rather than work or shortening best correlated with the 
oxygen consumption of the in situ gastrocnemius-plantaris muscle group 
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in the dog. However, Lee (1960) from his work on the relationship 
between isometric contraction and Qo, of the cat papillary muscle reached 
the conclusion that there were no basic differences from frog skeletal 
muscle. 

The present results also give some indication that heart muscle may 
perform external work more efficiently than skeletal muscle. Fischer 
(1931) found a mean efficiency of 9 % for the frog sartorius muscle, after he 
had subtracted the resting O, uptake. On the basis of heat measurements 
Hill (19396) found the efficiency of the initial process, exclusive of recovery, 
to be around 40 % ; or 20 % for the entire cycle. He noted that the efficiency 
of human skeletal muscle appeared to be of the same order of magnitude. 
On the other hand, Bing & Michal (1959), after subtracting estimates of 
the resting O, consumption, calculated the efficiency of human and dog 


_ heart on vivo to be almost 40%. The latter figure agrees with the estimates 


of external efficiency in series A and C found in the present study. It 
should, however, be mentioned that Lorber (1953), found relatively low 
values for the over-all efficiency in the isolated blood-perfused cat heart 
performing light work. Also, the uncertainty regarding the rate of the 
resting.O, consumption makes any comparison hazardous. Furthermore, 
there is no evidence which shows that the resting O, consumption remains 
the same during activity as during rest. 

In a previous paper (Whalen, 1960) some evidence was presented which 
suggested that, for isolated heart muscle (and isolated rat diaphragm 
(Whalen, Dernbergh e¢ al. 1958)), it was the initial length’rather than the 
developed or resting tension which determined the oxygen uptake per con- 
traction, although total tension could not be eliminated as a. contributing 
factor. Lee (1960), on the other hand, reported that resting tension, in the cat 
papillary muscle was a more significant factor than length. Our combined 
results lead to the tentative conclusion that, in isolated myocardium, a 
‘package’ of energy is liberated with each beat which is directly propor- 
tional to the initial length, and apparently independent of work or shorten- 
ing. The in vitro results further suggest that, in the intact animal, the heart 
rate should be the major determinant of the oxygen consumption (Whalen, 
1960). These hypotheses in some respects are consistent with the results 
from recent in vivo experiments. | | 

Recent research on the whole heart has tended to reduce emphasis on 


the role of fibre length or end-diastolic volume in the determination of the 


total energy exchange (see Starling & Vischer, 1927). Katz, Katz & 
Williams (1955) found in the relatively intact dog that large variations in 
left atrial pressure (and presumably end-diastolic volume) were not accom- 


_ panied by corresponding variations in 0, consumption. Sarnoff, Braun- 


wald, Welch, Case, Stainsby & Macruz (1958) agree that factors other than 
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length predominantly influenced the Qo, in their isolated-supported heart 
preparation. According to Rushmer & Smith (1959) the maximum 
increase in heart size in their experimenfs on uhanaesthetized dogs was 
15% . If my findings (Whalen, 1960) can be accepted and applied to the 
intact organism, the increment in O, uptake which might be expected from 
this amount of distension would be only about 15%. — 

On the other hand, an increase in frequency over the normal range from 
60 to 120 beats/min would double the O, consumption (Whalen, 1960). 
The graphs of Sarnoff et al. (1958) show that increasing the frequency alone 
called forth a substantial increase in the Q,,. Hoffmeister, Kreuzer & 
_ Schoeppe (1959) obtained in the dog heart when empty almost the same 
- inerease in O, consumption with frequency as that found by Whalen 
(1960). 

Until quite recently there was gerieral agreement that work was a major 
determinant of the O, consumption in heart muscle (cf. Evans & Matsuoka, 
1914). However, Sarnoff et al. (1958), using their refined dog heart prepara- 
tion, reported that myocardial Qo, bore little relation to the heart’s external 
work per se. Salisbury, Bor, Lewin & Rieben (1959), using a heart-lung 
machine bypass, also found little or no change in oxygen consumption with 
large variations in cardiac work. Katz & Feinberg (1958), from results on a 
relatively intact mammalian preparation, reached a similar conclusion. — 

Although the selective manner in which the results from the intact heart 
were presented above may give the impression of complete accord with the 
in vitro results, this is not quite the case. Sarnoff e¢ al. (1958) noted that, if 
‘ frequency were held constant, large increases in O, consumption still 


oceurred in direct proportion; to increases in pressure. Further 
_ experimentation led them to suggest that the area under the systolic pres- 


‘sure curve; ‘the tension-time index, or T.T.I.’, was the primary determi- 
nant of the ‘Qo,’ per beat. Thus, (heart rate) x (T.T.I.) most accurately 
predicted the total 0, consumption. Katz\& Feinberg (1958), stimulated 
by Sarnoff’s studies, reanalysed their data from the intact dog and found 
that (heart rate) x (aortic pressure) yielded a very high correlation with 
myocardial O, consumption. 

The major significance of aortic pressure or tension development is, 


therefore, at variance with the in vitro results. A possible explanation for — 


the discrepancy is the following. In the studies of Sarnoff et al. (1958) a very 
high correlation between O, consumption and coronary blood flow was 
observed, as others had previously reported (e.g. Alella, Williams, Bolene- 
Williams & Katz, 1955), although occasional deviations from this relation- 
ship have been found in the dog heart subjected in situ to stress (Katz et al. 
1955). In an analysis of the determinants of coronary flow Braunwald, 
Sarnoff, Case, Stainsby & Welch (1958) came to the conclusion that aortic 
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pressure was the dominant factor. Thus, both aortic pressure and myo- 
cardial O, consumption are significantly correlated withthe coronary 
blood flow. This relationship might be interpreted in at least two ways or a 
combination of both: (1) greater aortic pressure means greater tension 
development and thus more oxygen consumed, coronary flow being ad- 
justed to the demand for oxygen, or (2) coronary flow primarily determines 
the oxygen consumption, tension being relatively unimportant. The latter 
view would tend to eliminate the disparity between the results from the 
in vitro and intact heart experiments. 

There is some evidence which supports the hypothesis that coronary 
flow is a major determinant of myocardial oxygen consumption. For 
example, Gregg, Rayford, Khouri, Kattus & McKeever (1957) demon- 
strated in dogs that by increasing the coronary perfusion pressure by 
5-35 mm Hg myocardial oxygen uptake increased 20-70 %, although there 
was no change in heart rate, cardiac output or aortic pressure. When the 
coronary perfusion rate was reduced below normal, the oxygen consump- 
tion was depressed with apparently little change in other functions. On 


- the other hand, Berne (1958) did not always observe an increase in myo- 


cardial oxygen consumption with an increase in coronary blood flow in the 


fibrillating dog heart. Wegria, Nakano, McGiff, Muraviev, Zekert & 


Blumenthal (1959) increased’ coronary flow with ERL-239, which pro- 
duced no change, or lowering, of arterial pressure, cardiac output, and work ; 
yet they found a significant increase in myocardial O, consumption. 

This hypothesis is tantamount to saying that the heart is in a tontinual 


_ state of oxygen debt, which it may be, depending on the definition of the 


term. Verzar (1912) may have been the first to suggest this hypothesis for 
skeletal muscle. The evidence is fragmentary but suggestive. In this sense 
the heart cannot incur an oxygen debt simply because heart muscle con- 
tains the essential ingredients to turn over oxygen at a much faster rate 


~~ than it is normally supplied, turning the energy into heat unless an alterna- 


tive pathway is available (or necessary). Should this assumption prove to 
be correct, it would mean that heart muscle differs from skeletal muscle, 
since O, consumption in the latter is independent of the O, tension down to— 
extremely low pressures (Hill, 1948). | | 

The question arises whether, in the present experiments, the oxygen 
supply was equal to the demand. This has been discussed under Methods 
(see also Whalen, 1957, 1960) and, except for the very thick muscles, 


answered affirmatively. If so, it becomes necessary to explain why the 


calculated values for Qo, are below most of the values for the in vivo ==d 
blood-perfused heart studies mentioned earlier. It is probable that the 
catechol amines present in the blood would contribute significantly to the 


_ metabolic demand (e.g. Whalen, 1957). Further, lactate and pyruvate 
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available in the blood-perfused heart might be expected to increase the 
oxygen consumption (Bernheim & Bernheim, 1944). 

A complicating factor in the analysis of the over-all results is the possi- 
bility that the amount of the ‘available’ intracardiac catechol amines 
probably varies with the activity of the heart muscle (Whalen, Fishman 
& Erickson, 1958; Sarnoff, Mitchell, Gilmore & Remensnyder, 1960). If 
muscle tension (or stretch), no matter how produced, facilitates the 
‘spontaneous’ intracardiac liberation, or use, of the catechol amines, the 
qualitative differences between our results and those from the intact heart 
preparation would tend to disappear. The attractive possibility of the more 
general applicability of this hypothesis must await further proof. 


SUMMARY 


1. By means of a newly developed microrespirometer the oxygen con- 
sumption and external work output of excised, parallel-fibred cat and rat 
trabeculae carneae and papillary muscles were simultaneously measured 
during isotonic contractions at a frequency of 30 to 60 per minute. In 
alternate periods shortening was limited to less than 3% of the initial 
length, and thus, essentially no external work" was performed. A wide range 
of initial lengths and loads was used. 

2. In experiments in which the muscles were free-loaded the Qo, during 
periods of isometric contraction was significantly higher than during 
periods of isotonic contraction. When the muscles were after-loaded there 
was no significant difference in the Qo, for the two types of contractions. 
No explanation was offered for the disparity of the results between free- 
loaded and after-loaded experiments. 

3. Work and Qo, were found not to be correlated even at the point of 
maximum efficiency and beyond it; nor was the amount of shortening a 
significant factor in determining the Q,,. It was suggested that the lower 
Qo, often seen during isotonic periods may have been partly due to the 
shorter mean length during contraction. 


4. The efficiency for doing external work was aS and found to - 


be in the same range as that reported for the whole heart, and possibly 
higher than for skeletal muscle. 


5. The results indicated that there may be major differences in the | 


energetics of isolated mammalian heart muscle and isolated amphibian 
skeletal muscle. It was suggested that for isolated heart muscle, a “pack- 
age’ of energy is liberated per beat which is directly proportional only to 


the initial length—or, possibly, the mean length—during contraction. In 


the intact organism frequency would be expected to be the major determi- 
nant of myocardial O, consumption. 


6. The tentative iy pouliaael put forth in the preceding mene were 
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found to be consistent with recent results obtained from whole-heart 
preparations, with the exception th-t, in the whole heart, muscle tension 
has been found to be the major determinant of the ‘ Qo, per beat. The sug- 
gestion was made that coronary flow may be one of the parameters which 
determine the O, consumption of the heart, and that variations in the 


coronary flow might be responsible for the lack of agreement regarding the 
effect of tension on the Qo. | 


7. A possible relation between muscle activity and intracardiac catechol 
amine liberation was also discussed. 


It is a pleasure to thank Dr Richard Creese and Dr Bernard Abbott. for their helpful 
criticism of the manuscript. My thanks are extended to Mrs Dorothy Gellerman, Mr 
Charles Dubkin and Mr Orville Weddle for their outstanding technical help and suggestions. 
The concept that stretch might facilitate the liberation of catechol amine was, to my know- 
ledge, first suggested to me by Mr Dubkin. This investigation was supported by a PHS 
research grant, no. H-5390, from the National Heart Institute, U.S. Public Health Service. 
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ACETYLCHOLINE AND THE SYMPATHETIC 
OF THE SPLEEN 
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(Received 23 September 1960) 


This paper is concerned with the role of acetylcholine-like substances in 
the sympathetic innervation of the spleen. The presence of cholinergic 
fibres in the sympathetic nerve supply to the cat’s spleen was deduced by 
Burn & Rand (1960c) from observations on the response of the spleen of 
reserpine-treated cats to splenic nerve stimulation. Stimulation of the 
splenic nerve in a normal cat releases noradrenaline (Peart, 1949) and 
causes contraction of the spleen. But when the spleen is depleted of 
noradrenaline by reserpine (Burn & Rand, 1959a), splenic nerve stimula- 
. tion produces either a smaller contraction than usual or a relaxation which 
is enhanced by eserine and abolished by atropine. | 

The innervation of the cat’s spleen has been studied by Utterback 
(1944), who concluded that there was no parasympathetic innervation and 
that there were no ganglion cells in the spleen. Sympathetic denervation 
leads to a decrease in the noradrenaline content of the spleen (von Euler & 
Purkhold, 1951; Burn & Rand, 1959a), and von Euler (1956) concluded 
that the loss of noradrenaline on denervation could be explained if it were 
normally contained in the nerves. However, in another sympathetically 
innervated structure, the vessels of the rabbit’s ear, denervation has been 
shown to cause a fall in acetylcholine content (Armin, Grant, Thompson & 
Tickner, 1953). It is well known that the spleen contains acetylcholine. 
This was first observed by Dale & Dudley (1929), although as yet no ex- 
planation has been given for its presence. In order to investigate the 
possibility that the acetylcholine might be associated with the splenic 
nerves, we have studied the effect of sympathetic denervation on the 

acetylcholine content of the cat’s spleen. 

, Acetylcholine has been detected in the venous effluents after the stimu- 
lation of the sympathetic nerves to a number of structures: the sweat 
glands (Dale & Feldberg, 1934), the blood vessels of the dog’s hind legs 
_(Bilbring & Burn, 1935), and the vessels of the rabbit’s ear (Burn & Rand, 


* Present address: Department of Pharmacology, School of Pharmacy, University of 
London. 
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1960c). We have now shown that an acetylcholine-like substance appears 
in perfusates of cats’ spleens after stimulation of the splenic nerves. 

The drug hemicholinium causes failure of the response to cholinergic 
nerve stimulation (MacIntosh, Birks & Sastry, 1956; Reitzel & Long, 
1959a, 6; Wilson & Long, 1959) by inhibiting the synthesis of acetyl- 
choline (MacIntosh ef al. 1956; Gardiner, 1957). The effect of hemi- 
cholinium on responses to splenic nerve stimulation has been investigated. 
Observations have been made on the actions of acetylcholine in causing 
contractions of the spleen, to determine to what extent its effects mimicked | 
those of splenic nefve stimulation. 


METHODS 
g1¢ Determination of acetylcholine and noradrenaline contents of spleen. Cats were anaesthetized 
by with ether and the spleens were removed. A segment of the spleen weighing 2 g was cut from 
of its middle third. The portion was finely divided with scissors and ground with sand under 
he 8 ml. of ice-cold 10% trichloroacetic acid. The mixture was transferred to a centrifuge tube, 
allowed to stand for 20 min, and then centrifuged at 4200 rev/min for 5 min. The super- 
nd natant was decanted and washed three or four times with 50 ml. ether. The remaining ether 
of was removed by bubbling air through the extract. Acetylcholine was precipitated .as the 
la- reineckate by the method of Shaw (1938) as modified by Bentley & Shaw (1952). The extract 
ch was placed in a 10 ml. centrifuge tube and 1 mg of choline chloride and 1-5 ml. of a freshly 
we prepared saturated solution of ammonium reineckate in absolute alcohol were added for 
each 1 ml. of extract. The mixture was kept at —10° C for 2 hr, and then centrifuged at 
wk 4200 rev/min for 2 min. The supernatant was discarded and the residue was dissolved in 
nd 16 ml. of 60 % ethanol. Dilutions of the alcoholic extract (1:5 to 1:10) with distilled water 
con were assayed against acetylcholine chloride on isolated segments of guinea-pig ileum 
suspended in a 10 ml. bath of Tyrode solution maintained at 32° C. No correction has been 
r & made for any losses of acetylcholine which may have occurred during the extraction pro- _ 
Jed cedure. The method was also used on ox spleen, which was found to contain 16 pg/g of 
ere acetylcholine, which was within the range of values of 4-30 ug/g found by Chang & Gaddum 
(1933). 
ally The noradrenaline content of the spleen was determined in extracts prepared by the 
een method of Burn & Rand (1959a), which were assayed on the blood pressure of the pithed 
n& rat, using a Statham strain-gauge manometer (Pennefather & Rand, 1960). 
ine. For experiments in which both acetylcholine and noradrenaline were determined, the 
pom _ central portion of the spleen was divided in a chequer-board fashion and alternating pieces 
were recombined for the separate extraction and estimation of each substance. 
the Sympathetic denervation of spleen. In cats under ether anaesthesia the abdomen was 
enic opened aseptically in the mid line and all the nerve fibres accompanying the coeliac axis 
the |. Were divided. Utterback (1944) has shown that the cat’s spleen is completely denervated 
by dividing the coeliac plexus. 
Isolated perfused spleen. Cats were anaesthetized with ether. The abdomen was opened 
mu- and the main splenic artery, vein and nerve were dissected free. All other vessels running 
veat between the spleen and the greater curvature of the stomach, the omentum and the pancreas 


legs were doubly ligated and divided. The main splenic artery and vein were cannulated and the : 
spleen was removed. A mixture of 95% O, and 5% CO, was bubbled through the perfusion 
fluid in the reservoir which was approximately 1 m above the spleen. The fluid was passed 
ty of through coils immersed in a bath at 32° C before it reached the spleen. In some experiments 
in which the spleen was perfused with Tyrode solution the venous effluent was —— to 
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superfuse a strip of guinea-pig ileum (Gaddum, 1953). In other experiments in which we 
wished to observe the effect of splenic nerve stimulation in contracting the spleen, we 
perfused with McEwen’s (1956) solution and suspended the perfused spleen in a 50 ml. 
isolated organ bath so that its longitudinal contractions could be measured with a writing 
lever on a kymograph. In other experiments the venous outflow from the spleen was 
measured by counting drops with a Thorp (1948) impulse counter. 

The splenic nerve was stimulated by one of two procedures: (a) a length of nerve was 
dissected and passed through a tube containing bipolar platinum electrodes, continually 
irrigated with the solution used to perfuse the spleen (Burn & Rand, 1960a); (b) a length of 
silver wire (0-008 in. (0-2 mm) diam.) was passed down the arterial cannula so that one end 
was near the tip of the cannula to form one electrode and a second electrode was attached to 
the tissue adjacent to the cannula. The nerve was thus stimulated by current traversing the 
splenic nerves which surround the artery. Square-wave stimuli of 2 msec duration from a 
constant voltage source at 5-50 V were used. Details of the frequency and the period of 
stimulation are given in Results. 

Drugs were injected into the arterial cannula of the perfused spleen or into a 10 ml. bath 
containing a strip of spleen suspended in McEwen’s solution at 32° C. 

Cats were treated with reserpine by giving an intraperitoneal injection of reserpine 
1-5-2-5 mg/kg dissolved in a 20% solution of ascorbic acid on each of the 2 days before the 
experiments. 

Doses of noradrenaline are expressed as the base, eae IER as the chloride, bretylium 
as the tosylate (Darenthin), hemicholinium («, «’ dimethylaminoethanol 4,4’ oe 
as the dibromide and neostigmine as the methylsulphate. 


RESULTS 
Acetylcholine equivalent of normal and denervated cat rae 


The mean acetylcholine equivalent of spleens from 18 cats was 0-472 ug/g 
(s.£. = standard error of mean +0-0517). The spleens from 11 cats in 


which the splenic nerves had been divided at the coeliac axis had a mean — 


acetylcholine equivalent of 0-105 ug/g (s.£. + 0-0259); the individual values 
are given in Table 1. The difference between the mean value of the acety]- 
_ choline equivalent in normal and denervated spleens was found to be very 
highly significant when tested by Student’s ¢ test (¢ = 16:7; P < 0-001). 
The assays of the reineckate-precipitated material from extracts of the 
_ spleens were performed on strips of guinea-pig ileum. Since the method of 


purification by reineckate-precipitation is specific for choline esters — 


(Bentley & Shaw, 1952), it is unlikely that contractions of the ileum were 
produced by other pharmacologically active substances. The activity on 
the ileum has been expressed in terms of acetylcholine, although Banister, 
Whittaker & Wijesundera (1953) have shown that propionylcholine and 
possibly another choline ester are present in spleens of another species, 
the ox. 

The noradrenaline content was determined in separate portions of the 
‘ denervated spleens (Table 1). The mean noradrenaline content of 11 
denervated spleens in these experiments was 0-205 g/g, which is the same 
as the mean value obtained by Burn & Rand (1959a) for 8 denervated 
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CHOLINERGIC INNERVATION OF SPLEEN et 
spleens. Normal cat spleens contain 1:13 yg of noradrenaline/g (Burn & 
Rand, 1959a). 


After degeneration of the sympathetic fibres the percentage fall in 
acetylcholine content of denervated spleens was 22 °/ of the value obtained 


for the normal spleens ; the noradrenaline content of denervated cat spleen 


was 18% of normal. 
Reserpine treatment causes a depletion of noradrenaline in the spleen 


| (Burn & Rand, 1959a), but the acetylcholine content of spleen was not 


affected. The mean value for acetylcholine content in spleens from four 
reserpine-treated cats was 0-43 ug/g, which was not significantly different 
from the mean value of 0-47 g/g found in the intact spleens from normal 


cats. 
| TasBLE 1. Acetylcholine and noradrenaline contents of denervated cat spleens 
Acetylcholine Noradrenaline 


(ug/g) (ug/g) 
0-02 0-12 
0-02 0-06 
0-04 0-037 
0-04 0-65 
0-08 0-07 
0-08 0-12 
0-10 0-10 
0-12 0-10 
0-15 0-10 
0:20 0-50 
0-30 0:06 

Mean 0-105 0-205 


In two experiments designed to test whether operation per se affected 
the spleen, the nerves accompanying the superior mesenteric artery were 
divided. Ten days after this operation the spleens were removed and the 
noradrenaline and acetylcholine contents were determined. The noradrenal- 
ine contents of these two spleens were 0-75 and 1-0 ug/g; and the acetyl- 
choline contents 0-4 and 1-0 yg/g, showing that neither was affected. 


The release of acetylcholine on stimulating the splenic nerve 


In order to test whether an acetylcholine-like substance was released 
by splenic nerve stimulation we used spleens from reserpine-treated cats 
to eliminate interference caused by the release of noradrenaline. The 
release of a substance which resembles acetylcholine into the splenic 
perfusate after splenic nerve stimulation ¥ was successfully demonstrated in 
each of five experiments. 

In order to reduce the time required for handling the samples the venous 
effluent was allowed to act directly on an acetylcholine-sensitive prepara- 
tion by arranging it to superfuse a strip of guinea-pig ileum. Stimulation 
of the splenic nerve in the perfused reserpinized spleen was without effect 
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on the superfused ileum in the absence of an anticholinesterase. When 
neostigmine (1 »g/ml.) was added to the fluid perfusing the spleen the 
ileum contracted, but subsequently relaxed. After neostigmine had been 
present in the perfusion fluid for 30-60 min, splenic nerve stimulation pro- 
duced a contraction of the superfused ileum, which started 1-3 min after 
the beginning of stimulation. Thus, in the experiment shown in Fig. 1, 
the splenic nerve was stimulated for 1 min at 50/sec; during the period of 
stimulation there was an increase in the rhythm of the ileum and then a 


gradual increase in tone leading to a contraction which began about 90 sec _ 


Fig. 1. Contractions of guinea-pig ileum superfused with outflow from the isolated 
spleen of a reserpinized cat. The spleen was perfused with Tyrode solution con- 
taining neostigmine (1 ug/ml.). The splenic nerve was stimulated with 2 msec pulses 
at 50/sec for 1 min at st. At ACh, 0-2 pg of acetylcholine was injected into the 
splenic arterial cannula. 


after the end of stimulation and was followed by a relaxation which was 
complete 3} min after stimulation. The contraction and subsequent relaxa- 
tion of the ileum were similar in time course to the effects of 0-2 yg acetyl- 
_ choline injected into the splenic artery cannula. The superfused ileum was 
contracted by 0-01 ng of acetylcholine when this was injected directly into 
the superfusion stream as it emerged from the spleen. The relatively weak 
action of a much larger amount of acetylcholine administered to the ileum 
via the perfused spleen could be explained either by an incomplete neo- 
stigmine block of splenic cholinesterase, with consequent destruction of 
acetylcholine, or by dilution of the acetylcholine when injected into the 
spleen. Consequently it is possible that the contraction of the ileum pro- 
duced by splenic nerve stimulation was due only to a small fraction of the 
choline esters liberated by these nerves in the spleen. 
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The contractions of the superfused ileum produced by splenic nerve 
stimulation or by acetylcholine were abolished by atropine (0-1 ug/ml.) 


_ added to the perfusion fluid, as shown in Fig. 2. In this figure four con- 


secutive contractions of the superfused ileum produced by repeated splenic 
nerve stimulations were followed by a contraction caused by 0-5 yg of 
acetylcholine injected into the splenic arterial cannula; when 0-1 pg/ml. 
of atropine was added to the perfusion fluid splenic nerve stimulation was 
without effect on the ileum. 


_ Fig. 2. Contractions of guinea-pig ileum superfused with outflow from a reserpinized 
cat spleen perfused with Tyrode solution containing neostigmine (1 y»g/ml.). The 
splenic nerves were stimulated with 2 msec pulses at 25/sec for 1 min at the white 
dots (St). Acetylcholine (0-5 ug) was injected into the arterial cannula at Ach. At 
Atr, atropine (0-1 ug/ml.) added to the perfusion fluid abolished the contractions 
of the ileum following splenic nerve stimulation. 


Reduction of the response to sympathetic nerve stimulation by hemicholiniwm 


_ . Hemicholinium (50 pg/ml.) added to the perfusion fluid reduced the 


contractions of the normal spleen in response to splenic nerve stimulation. — 
Thus, in an experiment in which we recorded longitudinal contractions of 
the isolated perfused spleen produced by sympathetic nerve stimulation 
for 1 min periods in every 10 min, the contractions observed after per- 
fusing with hemicholinium gradually decreased in size. After 75 min the 
contraction was 65% of the original, after 145 min it was 56% and after 
215 min it was 35%. At this stage choline chloride (500 yg/ml.) added to 
the perfusion fluid restored the response to 75 % of its original height. 
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In other experiments the contractions of the spleen produced by 
sympathetic nerve stimulation were observed by recording the outflow 
from the spleen, measured with a Thorp drop counter (Fig. 3). When the 


Fig. 3. Contractions of cat spleen in response to splenic nerve stimulation measured 
by recording the outflow with a drop counter, returning to the base line every 
“ 10 sec. Lower signal, stimulation of splenic nerve with 2 msec pulses at 50/sec for 
30 sec periods every 4-5 min in a and b, and for 50 sec periods in c and d. Initially, 
in @, responses were constant. In 6, hemicholinium (50 ug/ml.) was added to the 
- perfusion fluid at HC. The interval between b and c was 200 min, and between c 
; and d 63 min. In d choline chloride (500 g/ml. ) was added to the perfusion fluid 
and restored contractions. 


_ splenic nerves were stimulated the outflow increased from 16 to 40 drops/ | 


10 sec. It was observed that the increase in outflow was due to a visible 


contraction of the spleen. After the period of stimulation there was a 


reduction in outflow which accompanied relaxation of the spleen. The 
addition of hemicholinium (Fig. 3b) to the perfusion fluid produced a 
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transient increase in the responses to sympathetic stimulation and then a 
gradual decrease leading to complete block (Fig. 3c). After the addition of 
choline to the perfusion fluid there was a partial restoration of the response 
to stimulation (Fig. 3d). 


Fig. 4. Longitudinal contractions of isolated perfused cat spleen. Drugs were 
injected into the arterial cannula. At A (acetylcholine), and at N (noradrenaline), 
the numerals refer to doses in wg. At Dib, 0-5 mg of dibenzyline (phenoxybenz- 
amine), and at Atr, 0-1 mg of atropine. Records a and b are from different experi- 
ments. Time marker, 30 sec. 


| Effect of acetylcholine on the spleen 

Observations were made on the effect of injections of acetylcholine into 
the arterial cannula in experiments on the isolated perfused spleen. 
Figure 4 shows that acetylcholine had about 1/100 of the potency of 
noradrenaline in producing contractions of the spleen. After the injection 
of the antiadrenaline drug phenoxybenzamine (dibenzyline) into the 
cannula the contractions produced by acetylcholine and the contractions 
produced by noradrenaline were both abolished (Fig. 4). After atropine the 
injection of acetylcholine caused a bigger contraction than it had before 
(Fig. 46). Burn & Rand (1960c) found that acetylcholine caused a relaxa- 
tion of the spleen of a reserpine-treated cat and this effect was blocked by 
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‘Fig. 5. Contractions of isolated strip Of cat spleen in 10 ml. bath. At N, 2 yg 


noradrenaline, and at A, 200 ug acetylcholine, both washed out after 30 sec. After 
Atr the bath fluid contained 0-5 pg/ml. of atropine, which did not affect responses 
to acetylcholine or to noradrenaline. 


Fig. 6. Isolated cat spleen strip; 10 ml. bath. At A, 300 pg acetylcholine and at 
N, 20 wg noradrenaline in contact for 30sec. The spleen strip was exposed to 
dibenzyline (phenoxyb ine) 0-1 mg/ml. at Dib for 10 min, which blocked 
responses to acetylcholine and to noradrenaline. 
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atropine, which suggests that the larger contraction produced by acetyl- 
choline after atropine in Fig. 4b may have been a result of a block of a 
possible relaxing action of acetylcholine. 

Further experiments were carried out on strips cut from spleens and 


_ suspended in the organ bath to record contractions. The contractions 


caused by acetylcholine were not affected by atropine (Fig. 5), but they 
were abolished by phenoxybenzamine (Fig. 6) and by another anti- 
adrenaline drug piperoxan (0-2 mg/ml.), as were the contractions produced 


Fig. 7. Isolated cat spleen strip. A, 100 ug acetylcholine; N, 30 yg noradrenaline. 
At B, 10 ug/ml. of bretylium was added to the 10 ml. bath and washed out after 
the subsequent responses to acetylcholine and noradrenaline. The response to — 
acetylcholine was blocked by bretylium, whereas the response to noradrenaline 
was potentiated. 


by noradrenaline itself. Bretylium (10 yg/ml.), which abolishes the re- 
sponse to sympathetic nerve stimulation, blocked the contraction of the 
spleen strip to acetylcholine but the response to noradrenaline~ was 
potentiated (Fig.7), 

Spleen strips taken from reserpine-treated cats contracted to a less 
extent to acetylcholine than did strips from normal cats, whereas the 
response to noradrenaline was enhanced. After the spleen was exposed to 


- noradrenaline, the response to acetylcholine was increased, whereas the 


response to noradrenaline was decreased. 
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DISCUSSION 


Acetylcholine has been found in the spleen of the ox and of the horse 
(Dale & Dudley, 1929; Chang & Gaddum, 1933). Bannister e¢ al. (1953) 
found that three choline esters were present in ox spleen, namely acetyl- 
choline, propionylcholine and a third unidentified ester. We have now 
shown that cat’s spleen contains an acetylcholine-like substance the 
amount of which is decreased after degeneration of the sympathetic nerves. 
This decrease could be accounted for if the acetylcholine-like substance 
were normally contained in the splenic nerve fibres. Acetylcholine has been 
demonstrated in sympathetic post-ganglionic nerves by Loewi & Hellauer 
(1938), who found 0-6—2-5 ug/g of acetylcholine in the post-ganglionic 
fibres from the superior cervical ganglion of cattle. Moreover, the enzymes 
concerned with acetylcholine metabolism are also present in sympathetic 
post-ganglionic neurones; Bullock, Grundfest, Nachmansohn & Rothen- 
berg (1947) found that the post-ganglionic fibres from the superior cervical 
ganglion of the cat contained cholinesterase, and Koelle (1955) has reported 
that all ‘adrenergic’ neurones contained variable concentrations of specific 
acetylcholinesterase. However, there is the possibility that the acetyl- 
choline which disappeared from the spleen on denervation may have 
originated from preganglionic sympathetic fibres relaying in aberrant 
sympathetic ganglion cells within or outside the spleen. The histological 
evidence relevant to this is that Utterback (1944) could not find ganglion 
cells in the cat’s spleen, but Kuntz & Jacobs (1955) have found that some 
preganglionic fibres were present in the splenic nerve trunk. 

Peart (1949) showed that noradrenaline was released from the spleen 


when the splenic nerves were stimulated. Our experiments demonstrate | 


that in the reserpinized spleen stimulation of the splenic nerves releases an 
acetylcholine-like substance which contracts the guinea-pig ileum. This 
substance appeared only after the inhibition of cholinesterase by neo- 


stigmine, and its action on the ileum was blocked by atropine; thus it had. 


the properties of a choline ester. If the presence of cholinergic sympathetic 
fibres to the spleen be accepted, the question must arise, to what extent 
do the responses to nerve stimulation depend on such fibres? Hemi- 
cholinium abolishes contractions of the spleen to nerve stimulation, and 
previous work has shown that, it produces block at cholinergic junctions. 
For example, hemicholinium can abolish the responses to motor nerve 
stimulation (Wilson & Long, 1959; Reitzel & Long, 19596), to para- 
sympathetic nerve stimulation (Wilson & Long, 1959) and to preganglionic 
sympathetic stimulation (MacIntosh e¢ al. 1956). MacIntosh et al. (1956) 
showed that. hemicholinium inhibited the synthesis of acetylcholine by 
nervous tissue and they considered that its neuronal blocking attion was 
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due to a gradual disappearance of stored acetylcholine. Choline restored 
the synthesis of acetylcholine (MacIntosh ef al. 1956) and thus reversed 
the failure of transmission at cholinergic junctions (MacIntosh et al. 1956; 
Reitzel & Long, 1959a). We have now found that choline restores con- 
tractions of the spleen to nerve stimulation after they are blocked by 
hemicholinium. This suggests that there is a cholinergic junction in the — 
splenic nerves. 

Burn & Rand (19596, 1960c, d) suggested that the role of acetylcholine 
liberated from post-ganglionic sympathetic fibres may be to release 
noradrenaline from stores in the tissue, thus rendering the action of these 
fibres ultimately adrenergic. Acetylcholine, like splenic nerve stimulation, . 
contracts the spleen of the dog (Daly & Scott, 1961) and of the cat. 
Actions of acetylcholine resembling the adrenergic effects of sympathetic 
nerve stimulation have frequently been observed, and in many cases it is 
unlikely that these effects were due to stimulation of sympathetic ganglion 
cells (Burn, Leach, Rand & Thompson, 1959; Lee & Shideman, 1959). 
Utterback (1944) has shown that ganglion cells are not present in the cat 
spleen, although Kuntz & Jacobs (1955) found a few small ganglia in the 
plexus of the splenic nerve about the splenic artery. A store of noradrenal- 
ine in the tissues is necessary for acetylcholine to exert a sympathomimetic 
action (Burn ef al. 1959); when the store of noradrenaline is depleted by 
reserpine this action is lost. We have found that reserpine treatment con- 
siderably reduced the action of acetylcholine on the spleen. The stores of 
noradrenaline in reserpine-treated tissues can be replenished by an infusion 


of noradrenaline (Pennefather’'& Rand, 1960). Burn & Rand (1960c) 


found that an infusion of noradrenaline produced an increase in the con- 
tractions of the spleen in reserpine*treated cats in response to splenic 
nerve stimulation, and we have now found that after strips of reserpine- 
treated spleen were soaked in noradrenaline there was an increase in the 
response to acetylcholine. Bretylium blocks the response of the spleen to 
splenic nerve stimulation (Boura & Green, 1959) and we have found that it 
also blocked the contractions produced by acetylcholine, although the 
response to noradrenaline was enhanced. The locus of action of bretylium 
is still uncertain; Boura & Green have concluded that it paralyses sympa- 
thetic nerve endings, whereas Burn & Rand (1960c) have suggested that it 
blocks the release of noradrenaline from its peripheral stores by acetyl- 
choline. The adrenergic blocking drugs dibenzyline and piperoxan also 
blocked the contractions produced by acetylcholine and by noradrenaline. 
Their action is exerted on the receptors for:noradrenaline and the block of 
the acetylcholine effect is further evidence that acetylcholine was acting 


a through noradrenaline release (cf. Burn & Dutta, 1948). Daly & Scott (1961) 


have studied the effect of acetylcholine on the isolated blood-perfused spleen 
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of the dog. They found that large doses of acetylcholine produced contrac- 
tion of the dog’s spleen and, as in our experiments, this response was not 
blocked by atropine, but was abolished by dibenamine and dibenzyline, 
and by chronic denervation, and was reduced by reserpine treatment. 

Dale (1933) proposed the terms ‘adrenergic’ and ‘cholinergic’ to de- 
scribe those nerves which released (nor)adrenaline and acetylcholine after 
stimulation. Von Euler (1956) has summarized the evidence that led to the 
hypothesis that sympathetic adrenergic nerve fibres contain noradrenal- 
ine; this evidence is based principally on the findings that sympathetically 
innervated organs contain extractable noradrenaline, but after section and 
degeneration of the post-ganglionic sympathetic nerves the noradrenaline 
content of these organs is diminished. Our findings indicate that sympa- 
thetic denervation leads to a loss of the acetylcholine content of the spleen, 
that sympathetic stimulation releases acetylcholine from the spleen, and 
that acetylcholine can produce a sympathomimetic effect on the spleen 
provided that the noradrenaline store is present. Recently Burn & Rand 
(1960c, d) have pointed out that there are many accounts in the literature 
of the occurrence of chromaffin cells in sympathetic nerve trunks and 
ganglia and in sympathetically innervated organs, although it is not known 
at present whether there are chromaffin cells in the spleen. These cells, 
rather than the nerve fibres themselves, could be the site of noradrenaline . 
storage. The suggestion that the chromaffin cells are the site of the nor- 
adrenaline store is compatible with the loss of noradrenaline after nerve 
degeneration seen in some organs, because Burn et al. (1959) observed that 
the chromaffin cells in the nictitating membrane became pyknotic and 
were reduced in number after denervation. It may be that innervation 
has a trophic influence in maintaining the 7 of the chromaffin cells 
or of their noradrenaline content. 


SUMMARY 


1, The 1 mean senbatalesties content of the cat’s spleen was 0:47 sali 
Ten days after section of the splenic nerve it was 0-10 yg/g. The percentage 
fall in the acetylcholine content of the spleen which was produced by 
denervation (78%) is approximately equal to the percentage fall in 
noradrenaline content after denervation (82 °%%). 

2. In reserpinized cats stimulation of the splenic nerves to the isolated 
spleen perfused with a neostigmine-containing solution led to the release 
of an acetylcholine-like substance into the venous effluent. This substance 
contracted the superfused guinea-pig ileum; its action was blocked by 


atropine. 


3. Hemicholinium produced a failure of the contractions of the isolated 
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cat’s spleen in response to nerve stimulation. This effect of hemicholinium 
was reversed by choline. 


4. Acetylcholine had a sympathomimetic action in contracting the 
isolated spleen. This action of acetylcholine was not blocked by atropine; 
it was reduced by reserpine treatment, and was abolished by the anti- 
adrenaline drugs phenoxybenzamine and piperoxan and by the sympa- 
thetic nerve-blocking drug bretylium. : 

5. These findings are discussed in relation to the hypothesis that the 
sympathetic fibres are cholinergic, and that the acetylcholine then liberates 
noradrenaline. 


This work was done during the tenure by M.J.R. of a Fellowship of the Australian and 
New Zealand Life Insurance Medical Research Fund, and K.W.B. was partly supported by 
a scholarship awarded by Roche (Australia) Ltd. We wish to thank Dr J. P. Long of the 
Department of Pharmacology, Iowa State University, for a generous gift of hemicholinium. 
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ELECTROMYOGRAPHY OF MUSCLES OF POSTURE: 
POSTERIOR VERTEBRAL MUSCLES IN MALES 


By J. JOSEPH anp I. McCOLL* 


From the Department of Anatomy, Guy’s Hospital Medical School, 
London, S.E.1 


(Received S October 1960) 


Previous investigations (Joseph, Nightingale & Williams, 1955; Joseph 
& Williams, 1957) have shown that a standardized posture such as the 
standing-at-ease position can be maintained as far as the lower limbs 
are coucerned by the calf muscles and the ligaments of the knee and hip 
joints. Consideration of the relation of the line of weight to these joints, 


ie. the perpendicular through the centre of gravity of the body, and the 


structure of the joints themselves can explain the mechanism for main- 
taining this posture. The vertebral column, however, with its curves, 


' segmental structure and many muscles presents a much more complicated 


arrangement of joints, and it seemed possible that there would be differences 
in the activity of the muscles at various levels of the back. ‘It was decided 


to investigate the posterior vertebral muscles at twelve levels between 


the upper part of the sacrum and the spine of the fourth cervical vertebra. 


METHODS 


The double-channel amplifier used was similar to that described previously (Joseph & 
Williams, 1957). It had a low noise level of 2 ,V, so,that the minimum detectable potentials 
were of the order of 3 ».V peak-to-peak and had constant gain between 20 and 200 c/s, the 
response being reduced to one half at 4 and 700 c/s. The apparatus and subject were inside 
a screening cage in order to reduce interference. Surface electrodes retained in position by 
suction were used, and the electrode sites were rubbed with Cambridge electrode jelly. 

The subjects were 20 males aged 18-46 years, of varied height and weight, with medical 
histories which suggested no abnormality of their locomotor system. They wore shoes and 
bathing trunks during the investigation. The position of the spine of every alternate 
vertebra from the fourth cervical to the second sacral was marked on the skin and the 
subject was asked to take up the standard posture (standing-at-ease position) which was 
used throughout the experiment. The electrodes were placed horizontally over the vertebral 
muscles at the level of the marked spines, one pair on either side about 2 ecm from the mid 
line, with an interval of about 1 cm between the two electrodes of a pair. Frequently the 
electrodes were left in the same place for as long as 4-5 min and the oscilloscope was observed 
during the whole of this period. Typical recordings of what was seen on the screen were 


* Present address: Surgical Professorial Unit, St Bartholomew's Hospital, London, 
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made at all twelve levels. In addition, the pairs of electrodes were often placed at two 
different levels of the same side and recordings were made. 
The recordings were then examined and an assessment made of the amount of electrical 
activity shown: less than 5 pV peak-to-peak were graded as ‘no activity’, 5-25 pV | 
‘slight activity’, 25-70 pV ‘moderate activity’ and more than 70 nV ‘marked activity’. 
Figure 1 shows some typical examples of the differences 1 in activity at various levels of the | 
vertebral column. 


L 


Fig. 1. Recordings from A, region of L3; B, region of T9; C, region of C6; D, 
(above) region of L1, (below) region of T3 of same side to show marked. difference | 
in activity at two levels. 


RESULTS | 


Table 1 gives the details of the results (where there was asymmetry in | 
the amount of activity, the greater has been recorded). It can be seen | 
that there is considerable variation between different subjects at any one 
level. If however the activity in each subject is studied vertically a pattern | 
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emerges in 15 out of the 20 subjects. In the lumbar region, usually at the 
level of the spine of the third lumbar vertebra, there is little or no detect- 
able electrical activity as compared with the lower thoracic region (the 
spine of the ninth or eleventh thoracic vertebra). Higher up the de- 
tectable activity decreases and no, or only slight, electrical activity ‘is 
found in the lower cervical region (the spine of the fourth or sixth cervical 
vertebra). | 


TABLE 1. Electrical activity* in the posterior vertebral muscles at 12 levels 
of the vertebral column in 20 subjects while standing at ease 


Subj | 
Vertebral 
level 1 2 3 4 5 6 7 8 ) 10 
C4 + + ++ + - ++ + + — + 
C6 + ++ ++ _ + +++ ++ + + + + 
Tl + ++ + ++ ++ 
T3 + + ++ ++ 
T5 ++ + —-~ +++ = ++ ++ + + + 
T9 +++ +++ ++ + ++. $+ +4 ~ 
Ll ++ +++ ++ ++, $+ + . ++ ~ 
L3 + + + + 
L5 + ++ ++ + ++ 
$2 + +++. ++ + +++ + 
ll 12 13 14 15 16 17 18 19. 20 

: C4 + + + + - + 2+ + + + 
C6 + + + + + + + + + + 
‘ae. + ++ + + ++ + + + + + 
T3 + ++ + + - + + + + + 
T5 + + ++ + — + + + ++ + 
T7 + ++. ++ + ++ +++ + = 
T9 tet ++ +$4++ +++ + ++ 
TL +H + + ++ +++ + 
Lil . +++ ° + + + - +. ++ + 
L3 ++ . ++ + + ++ + 
L5 + — "of - ‘++ + + ++ + + 
S2 ++ + + + + ++ ++ 

<5 pV; + 5-25 ++ 25-70npV; +++ > 70pV. 


DISCUSSION 


These results indicate that in the standing-at-ease position the activity 
of the posterior vertebral muscles varies at different levels. Other workers” 
have usually studied only one region. Akerblom (1948) found considerable 
variation between his subjects when he placed the electrodes over the 
middle of the lumbar region on one side. Floyd & Silver (1955) found little 
or no activity with the electrodes over ‘the most prominent parts of the 
thoraco-lumbar and lumbar erectores spinae muscles’ and Portnoy & 
Morin (1956) found that 12 out of 16 subjects showed activity in the lumbar 
region. They, however, placed one electrode at the level of the first lumbar — 


vertebrae and the other at the level of the third. It is not surprising that 
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they detected some activity in many of their = since the electrodes 
covered a comparatively wide area. 

The differences in muscular activity at various levels may be due to the 
fact that the line of weight of that part of the body above the level studied 
lies in front of or behind the transverse axis of the joints between the 
vertebrae at which flexion or extension is taking place. Examination of 
a lateral X-ray of the vertebral column indicates that the line of weight 
of the segment of the body above the lumbar region passes behind the 
transverse axis of the joints between these vertebrae so that the trunk is 
extending in the lumbar region under the influence of gravity, and the 
extensors, i.e. the posterior vertebral muscles, are inactive. In the lower 
thoracic region the reverse is happening and the line of weight passes in 
front of the transverse axis of these vertebral joints. Consequently the 
posterior vertebral muscles of this region contract and resist flexion of the 


It is more difficult to explain the absence or slight activity of the 
muscles of the cervical region, since a perpendicular through the centre . 
of gravity of that segment of the body above the seventh cervical vertebra, 


as determined by Dempster (1955), passes in front of the vertebral bodies 


and therefore in front of what is probably the transverse axis of movement 
between adjacent cervical vertebrae. An attempt to find this axis by 
means of cineradiography and an analyser projector confirmed this. The 
likeliest explanation is that only slight muscular activity is required to 


_ supplement the passive structures (intervertebral disks, ligaments, etc.) 


which resist flexion of the neck in the standing-at-ease position. 

The relatively small amount of activity detected in the posterior 
vertebral muscles in the lumbar and cervical regions while standing fits 
in with the observations of Hellebrandt, Brogdon & Teffer (1940) and — 
Booyens & McCance (1957), who found that there was only a small increase 
in the basal metabolic rate of healthy men and women when standing as 
compared with the rate when lying down and that any muscular activity 
increased the rate very considerably. 


SUMMARY 7 
1. The activity of the posterior vertebral muscles at twelve levels in 
20 males standing at ease has been studied by means of electromyography. 
2. Although there is considerable variation in the detectable activity 
at one level, a pattern of activity in a vertical direction can be seen. There 
is little or no activity in the lumbar and cervical regions and moderate or 


_ marked activity in the lower thoracic. 


3. The possible explanation of these observations is discussed. 
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GLOMERULAR FILTRATION AFTER OBSTRUCTION 
‘OF THE URETER 


By M. G. TAYLOR* anp ELISABETH ULLMANN 


From the Department of Physiology, St Bartholomew's Hospital 
Medical College, London E.C. 1 


“(Received 28 October 1960) 


Since its introduction by Malvin, Wilde & Sullivan in 1958 ‘stop-flow’ 
analysis has been widely used to localize reabsorptive and secretory 
processes and the site of action of diuretics in the nephron. The concentra- 
tion patterns revealed by this method are not always easy to interpret, 
one of several reasons being that it is uncertain to what extent they are 
affected by the continued passage of glomerular filtrate into the renal 
tubules during the period of occlusion. Hungarian workers in ‘particular 
have long maintained that after ligation of the ureter glomerular filtration 
continues at one quarter to two thirds the normal rate (Jancsé, 1955), and 
stop-flow analysis has been condemned as ‘useless’ on these grounds 
(Foeldi, Papp & Koltay, 1958). | 

We have attempted to estimate, by a modification of the original stop- 
flow procedure (Malvin, Wilde & Sullivan, 1958), how long and at what 
rate glomerular filtration will continue in the dog’s kidney if its ureteric 
outflow is suddenly obstructed during intense osmotic diuresis. Substances 
believed to enter the renal tubules only by glomerular filtration were 
injected intravenously at various times after blocking the ureter. The 
subsequent changes in plasma concentration were determined, as well as 
the total amount of these substances appearing when flow recommenced 
ahead of urine derived from filtrate formed after release of the obstruction. 
From the data the rate of entry of glomerular filtrate during thé period of 
occlusion was calculated. The distribution of the reference material in the 
early (or ‘distal’) and late (or ‘ proximal’) samples was also considered. 
In addition, the pressure changes:in the ureteric catheter above the 
obstruction were recorded. A few experiments were performed in a some- 
what different manner in order to study the effect on glomerular filtration 


of obstructing the outflow from the kidney at lower rates of urine flow. 
* Present address: Department of Physiology, University of Sydney, N.S.W., Australia. 
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METHODS 


Bitches weighing from 10 to 20 kg were used. They were anaesthetized with morphine 
tartrate 2 mg/kg subcutaneously, followed 40 min later by intravenous injection of a mixture 
of 50 mg/kg of chloralose (Roche) and 500 mg/kg of urethane dissolved in normal saline. 
The solution is strongly hypertonic and caused mild osmotic diuresis, with resting urine 
flows of 0-2-1-0 ml./min. 

Through a flank incision the left ureter was cannulated retro-peritoneally with fine plastic 
tubing, which was advanced until the upper orifice lay 2 or 3 mm below the hilum of the 
kidney. In some experiments the right ureter was also cannulated, but in the majority the 
right kidney drained through a self-retaining catheter inserted into the bladder. 

All injections were made into the left external jugular vein and slow sustaining infusions 
entered by the same route. Hypertonic solutions given at fast rates were infused through 
polythene tubing introduced into the abdominal] vena cava via the right femoral vein. 
Arterial blood samples were taken from the right carotid, and blood pressure was recorded 
from the right femoral artery. Mercury or capacitance manometers were used to record 
arterial and ureteric pressures. Heparin (Liquemin, Roche, 100 u./kg approx.) was used as 
anticoagulant. 

The routine followed in all experiments was based on the method of ‘stop-flow analysis’ 
described by Malvin, Wilde & Sullivan (1958) but differed from their procedure in various 
ways according to the type of experiment. : : 

(1) Experiments to demonstrate filtration during ureteric obstruction. Diuresis was produced’ 
by infusion of 20% mannitol in 0-85 % NaCl solution at a constant rate of 8-12 ml./min, 
depending on the size of the animal. No other chemicals were added to the infusion, except 
para-aminohippurate (PAH), 0-045 g/100 ml. on three occasions only, after 0-15 g PAH had 
been given as a priming injection. When the urine flow from the left kidney had reached 4 
steady level exceeding 7 ml./min the ureteric catheter was clamped for 8 min. At the 
moment of onclusion (zero time in Fig. 1) 1-0 g creatinine in 10 ml. saline was rapidly 
injected into the jugular vein; 0-7 or 0-8 g inulin in 10 ml. saline was rapidly injected 2 or 
4 min after the start of occlusion; and a slow steady injection of 1-0 g sodium thiosulphate 
in 50 or 100 ml. saline was begun 6 min 45 sec after zero time and completed 15 sec before 
release of the occlusion. Immediately following this, thirty serial urine fractions of 
0-4-1-1 ml. each were collected in 14-2} min. From the moment of occlusion onward 
thirty-eight to forty serial blood samples of ca. 2 ml. were taken, every 5 sec during the first 
half minute following each injection of creatinine or inulin, and at gradually increasing 
intervals thereafter. The last sample was taken at the end of the collection of urine fractions. 
Before and after the period of occlusion several timed ‘free-flow’ urine specimens and 
corresponding blood samples were collected for clearance determinations. 

(2) Experiments to estimate the rate of residual filtration. These were similar to those 
described above except for the following modifications. Diuresis was induced by infusion 
of 23% mannitol, or alternatively, of 10% mannitol and 15% glucose in normal saline, 
without addition of other chemicals. If glucose was used a priming injection of 10-0 g 
dextrose in 25 ml. saline was given before starting the infusion. The ureteric outflow was 
obstructed for 11 min and the pressure in the ureteric catheter was registered throughout 
this period by a mercury manometer with minimal fluid displacement. One gram creatinine 
in 10 ml. saline was rapidly injected exactly 6 min after the start of occlusion and serial blood 
sampling was begun at the same moment, intervals being staggered as described above. 
A slow injection of 0-7 or 0-8 g inulin in 50 ml. saline was begun 9 min 45 sec after the start 
of ocelusion and completed 30 sec before release of the obstruction. Thirty fractions were 
collected in 2 min and the last of twenty-four blood samples was taken at the end of this 
period, 
(3) Control experiments. In order to study the stop-flow pattern for creatinine which 
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_ developed when plasma creatinine concentration was not changing during the period of 


ureter “bstruction, control experiments were performed. In these a steady raised plasma 
level was maintained by continuous infusion of creatinine, but no injections were made at 
the start or during the occlusion period apart from the ‘new filtrate marker’ (sodium thio- 
sulphate, or inulin) which was given just before the release of the block, as usual. Blood was 
sampled only during the clearance periods before and following occlusion. For comparison 
with the first type of experiment another five dogs were given an intravenous priming 
injection of 0-7 g creatinine in 10 ml. saline, and 0-2 g creatinine/100 ml. was added to the 
20% mannitol solution infused subsequently to raise the urine flow. The ureter was clamped 
for 8 min. Control runs for the second series of experiments described above were performed 
after completion of the main experimental run on the same animals. The creatinine injected 
during the experiment proper served as ‘priming’ injection for the control run. After 
collection of all experimental samples the infusion fluid was changed to one containing 
0-2 g creatinine/100 ml. in addition to mannitol, or mannitol and dextrose, in the same 
concentration as before. Approximately 15-20 min after the end of the first run the ureter 
was again clamped for 11 min. Finally, a ‘new filtrate’ marker was injected and a second 
set of urine fractions was obtained in the usual manner. 

(4) Experiments to estimate filtration following ureteric obstruction at low rates of urine flow. 
Both ureters were cannulated and the simultaneous output of the two kidneys was compared. 
A priming dose of 1 g creatinine in 25 ml. saline was injected intravenously and a constant 
plasma level was maintained by a sustaining infusion of a solution of 5% creatinine in saline, 
given at the rate of 0-35-0-50 ml./min. The left ureter. was blocked 30-40 min after the 
priming injection. The duration of occlusion varied. The right kidney drained freely 
throughout. Inulin, and on some occasions sodium thiosulphate, was injected slowly starting 
75 sec before the end of the occlusion period, to mark filtrate formed after the release of the 
obstruction. Fifteen to thirty fractional urine samples were collected, the time necessary 
to obtain adequate volumes varying with the rate of flow. After a brief interval a second 
experiment was performed in which the duration of occlusion was a third of that in the first 
run. Blood samples were taken at the mid points of preliminary and final ‘free-flow’ periods, 
and at regular intervals of 6 or 10 min during the rest of the time. 

Chemical analyses. The volume of urine fractions was determined by weighing. Creatinine 
in plasma and urine was determined colorimetrically, as the alkaline picrate. Inulin in 
plasma and urine was estimated by the resorcinol method of Schreiner (1950). If glucose is 
present this method gives high plasma and urine blanks. By using yeasted samples, and by 
control occlusions without injection of inulin it was ascertained that despite the high blank 
the method was adequate for urine analysis; the arrival of the first trace of inulin in the 
urine samples also was recognizable without difficulty. The method was found not to be 
sufficiently accurate for determination of inulin in plasma in the presence of glucose and was 
not used for this purpose. Sodium was determined with an EEL flame photometer. Thio- 
sulphate in urine was determined according to the method described by Gilman, Philips & 
Koelle (1946). This substance was used infrequently. As only 90 sec or less elapsed between 
injection of the material and release of the ureter any effective ‘shortening’ of the occluded 


_ fluid column which might have been caused by its being secreted into the tubules was 


probably negligible. 
Calculations 
The occluded volume, or renal ‘dead space’. The serial urine samples emerging after the 


release of the ureteric block were of three kinds: samples derived entirely from glomerular 


filtrate formed before or during the period of ureteric block; samples derived entirely from 
‘new’ filtrate which had passed into the nephrons after the injection of the final filtrate 
marker (inulin or thiosulphate); and samples which were mixtures of urine derived from 
both types of filtrate. The first kind contained none of the final filtrate marker (0-13-8 ml. in 
Fig. 2); the second kind contained it in the same (or a slightly higher) concentration as the 
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‘free-flow’ specimens collected after the fractions (18-4—20-6 ml. in Fig. 2); the third kind 
contained the marker at lower concentrations (13-4—18-4 ml. in Fig. 2). The part v, of a 
mixed fraction of volume v,, which consisted of ‘new’ filtrate was calculated as 


where ¢,, = concentration of ‘new filtrate’ marker in the mixed sample, and 
Cy = concentration of ‘new filtrate’ marker in urine derived wholly from ‘new’ 
filtrate. 

The residue, ¥ = ¥_—V, = Um(1—C,,/cy) was derived from filtrate formed before or during 
the period of occlusion. For example, in Fig. 2 sample 24, which brought the accumulated 
volume to 16 ml., contained 22 m-mole Na,S,0,/l. In later samples the concentration rose 
to @ steady value of 50 m-mole/1. Thus the fraction of new filtrate in sample 24 was 
22/50 = 0-44. This calculation is valid only if (a) the plasma concentration of the final 
marker remained constant during the relevant period, and (b) if all urine fractions containing 
it were concentrated to the same extent during their passage through the tubules. 

During the 2-24 min spent in collecting thirty urine fractions there was usually a just 
detectable fall in the plasma concentration of the final filtrate marker. Usually only the last 
twelve to sixteen urine fractions contained the marker. Because of delay time these must 
have come from filtrate forme during the first 1-1} min after release of the block. The 
decline of plasma concentration during this short interval was negligible. We have no direct 
evidence on whether or not all fractions were concentrated to the same degree. However, 
it was improbable that large differences arose within the 60—100 sec between the appearance 
of the first and last of the fractions containing the marker, since these late fractions, in 
contrast to the first three to five samples, all emerged at the same rate of flow. 

The total ‘occluded’ volume V, was the sum of all fractions of urine derived from filtrate 
formed before or during ureteric obstruction. 

The amount of creatinine and/or inulin excreted in the occluded volume. The total creatinine 
or inulin content of all fractions consisting wholly or partly of ‘occluded’ urine was deter- 
mined, and the amount due to admixture of ‘new’ (i.e. formed after flow recommenced) 
filtrate urine subtracted (see Fig. 2). The residue must have entered the tubules before the 
‘new filtrate’ marker was injected. 

The admixture of inulin or creatinine due to ‘new filtrate’ was calculated as Zv,.U, where 

v, = urine derived from ‘new’ filtrate in the mixed fractions, and... 

U =concentration of creatinine (or inulin) in the first fraction which was derived wholly 

from ‘new’ filtrate. 

This was based on the following reasoning: ‘New’ filtrate contained inulin or creatinine at 
the concentration existing in plasma at the time of its formation. From analysis of timed 
blood samples (Fig. 1) it was known that the plasma concentration of the material remained 
virtually constant during the brief interval in which the ‘new’ filtrate for all mixed and the 
early unmixed fractions must have entered the nephrons. As before, it was assumed that all 
were concentrated to the same degree during their passage through the nephrons. Hence, if 
the portion v, of a mixed sample had emerged from the ureter uncontaminated by occluded 
urine it. would have contained creatinine or inulin in the same concentration as the first 
fraction which was wholly derived from ‘new’ filtrate. 

The total inulin or creatinine present in the total occluded volume was obtained by 
summation of the amounts present in the ‘occluded’ fractions, and designated Q- 

In the case of creatinine, Q included an unknown quantity q of endogenous creatinine 
which was already present in the nephrons at the moment of occlusion of the ureter. This 
could not be measured directly. An estimate of its magnitude was made according to the 
formula 
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where V, = total occluded volume, and 

U, = concentration of endogenous creatinine in ‘free-flow’ urine collected im- 
mediately before the start of occlusion. 

The values found indicated that endogenous creatinine accounted for from 1-5 to 9-6% of 

the total recovered in the ‘occluded’ urine, according to the type of experiment. This is 

likely to be an over-estimate rather than the converse, for the following reasons: 

(1) The recovered occluded volume V, was probably larger than the volume of fluid present 

in the nephrons at the moment of occlusion; 


(2) Study of stop-flow patterns for creatinine in control experiments on the same animals 
during which the plasma creatinine level was maintained at a steady raised level show 
that the average creatinine concentration for all fractions of ‘occluded’ urine was always 
less than 1-2 times the concentration in the free-flow specimen collected just before occlusion. 
The factor 1-2 in the formula above thus represents the upper limit of change. In the 
same control studies it was also established that no single fractional sample contained | 
creatinine at a concentration as high or higher than twice the free-flow concentration. 
Hence in those experiments in which creatinine was injected during occlusion, samples were 
regarded as containing exogenous material if the concentration exceeded 2-5 times the free- 
flow concentration. 

Mean plasma concentration of injected creatinine and/or inulin. The concentrations of the 
test materials in the serial plasma samples were plotted against time in seconds (Fig. 1). The 
area below the curve between time 0 (instant of injection of test material) to time ¢ (instant 
of release of ureteric block) was equal to ¢t, ¢ being the mean plasma concentration. 

Rate of glomerular filtration during occlusion of the ureter. For the purpose of estimating the 
volume of filtrate which entered the ‘occluded’ kidney certain assumptions were made which 
are discussed in the text. If the test materials (e.g. inulin in Figs. 1 and 2) were injected 
after an interval of 2 min or more had elapsed since the start of ureteric obstruction, the 
rate of residual filtration, RFR was calculated as follows: 

RFR = a4 x 60 ml./min (symbols having the same meaning as before). 
This tended to underestimate the true RFR, first because the values of g used may have been 
too large, as discussed above, and secondly because ¢ was the time in seconds between 
injection of the test material and release of ureteric block, and not between injection of test 
material and injection of final filtration marker. An error, for which no correction could be 
readily applied, must have resulted from the fact that an unknown quantity of the final 


_ filtration marker very probably passed through the glomeruli into the tubules during the 


75 sec between its first appearance in the blood stream and the release of the ureteric clamp. 

In five experiments an estimate was sought of the total volume of filtrate which entered the 
kidney in the course of 8 min of occlusion. In these experiments, with the time (¢) measured in 
minutes from the beginning of occlusion, creatinine was injected at ¢ = 0, and inulin at ¢ = 2. 

In the first attempts on this problem it was assumed that the filtration rate F(t), declined 
exponentially to zero from its initial value (/,) determined during the control clearance 
period before occlusion. It appeared, however, that on this basis F(t) would be down to 
about 1% of its initial value at the end of 2 min and the observed excretion of inulin in the 
subsequent period (see Fig. 2) could not be accounted for. The assumption was therefore made 
that the filtration did not decline to zero, but to a constant value (F',), which it attained, for 
practical purposes, by ¢ = 2, i.e. F(t) = F,+F, et, 


which is the general equation of the heavy line in the lower part of Fig. 1. The line thus 
represents the assumed relation between filtration rate and time. The total filtration during 
_ the period of occlusion is given by the area beneath this curve, i.e. by 
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The quantities of F', F', and B were deduced from the amounts of inulin and creatinine 
excreted. At any moment, the rate of entry into the occluded volume of either of these 
substances is given by the product of the filtration rate at that moment and their concentra- 
tion in the plasma at the same moment; the total quantity in the occluded volume will be 


the integral of the momentary rates of excretion. 
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Fig. 1. The period during which the ureter was obstructed in the same experiment as 
that of Fig. 2. Abscissa, time (¢) after ureteric obstruction. The upper curves show 
the observed concentrations of creatinine and inulin following their intravenous 


injection at 0 and 2 min respectively. — 


The thick line shows the assumed course of glomerular filtration during the 
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occlusion period. To calculate total filtration which is the area below this line, it is 
necessary to know F,, and how the line falls from F, (i.e. the exponential 8 in the 


text). 


The course of the creatinine and inulin concentrations in the plasma subsequent to 


injection (Fig. 1) was expressed in the forms 


C(t) = e~* 
D(t) = D,+D, e-™, respectively. 
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44 M.G.TAYLOR AND ELISABETH ULLMANN 
for inulin 


8 
Q, = F, Dy 0) at, 


where Q, was the amount of inulin excreted, and the terms Dj, D, and y had been determined 
from the inulin plasma concentration curve (Fig. 1). Fy was thus obtained, and F, was 
found by subtracting F, from the initial filtration rate F,,. 

The exponent f was then found, using the data on creatinine, by evaluating the expression : 


8 
Qo = ot F, (0, +0, 


when Q, was the amount of creatinine excreted, Cy, C, and « were known from the creatinine 
plasma concentration curve (Fig. 1), and F, and F, had been determined as —e above. 
Integration of this expression gave 


where terms in e~*8, e-*%«+f) and e-*« have been neglected, being small with respect to unity. 
One thus obtained a quadratic equation for B 


where = B= and G = 


and the Feet root was the quantity sought: The values obtained for 8, by this method, 
were such that the filtration rate did in fact appear to approach a constant value for t > 2, 


thus confirming the reasonableness of the initial assumption. It should be noted that. there 


was no restriction set to the value of B. 


It is sobins that apart from. the: saietegtl of a simple form for F(t), the major simpli- 
fication involved in this procedure was the neglecting of the short rising limb of the plasma 
concentration curve; with the sampling frequency employed, this could not, in any case, be 
accurately defined, although the subsequent course of the concentration could be followed 
with confidence. In the form assumed, the cdpicentration was taken to be maximal at the 
instant of injection; the effect of this would have been to make the estimates of filtration 
slightly lower than’ the true value. 
In some cases the plasma concentration curves were not. adequately fitted by the forms 
given above, and an additional linear trend was incorporated; the method of solution, 
though somewhat lengthier than that outlined here, was in principle the same. 


| RESULTS 
Persistence of glomerular filtration after obstruction of the ureter 


Creatinine injected intravenously immediately after occlusion of the 
ureter was found after release of the obstruction 8 min later in all serial 
urine samples, with the occasional exception of the first. Thus 96-3-100 % 
of the ‘occluded’ volume was contaminated with material that had 
crossed the glomerular membrane after the ureter was clamped. One of six 
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experiments, all of which gave similar results. is illust in Fi 

rated in Fig. 2. The 
simultaneous concentration patterns for sodium and -aminohi 


When inulin was injected 2 min after clamp; 
i ping the ureter, and allowed 
to circulate for 6 min before the obstruction was removed, the first 10% 
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Fig. 2, The creatinine and inulin content of uririe collected after 8 min obstruction of 
the ureter. Infusion of 20% mannitol in saline containing PAH, at 10 ml/min. 
: Left ureter occluded when urine flow on this side was 9-9 ml./min. 1 g creatinine 
injected 1.v. at the time of occlusion; 1 g inulin injected 1.v. 2 min after occlusion; 
0-9 g sodium thiosulphate injected 1.v., starting 6 min 30sec after occlusion, 
Top: Stop-flow concentration patterns for sodium, para-amino hippurate and thio- 
sulphate. Centre and bottom: Creatinine and inulin present in the fractions. Black: 
filtered during ureteric occlusion. Hatched: filtered after release of obstruction. 
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of the occluded column of fluid to emerge was inulin-free in four experi- 
ments; in the remaining two, inulin was recovered from all fractions. In 
two further experiments, in which inulin was injected at the mid point of 
an occlusion lasting 8 min, the distal 10 and 27% Reapenavery” - the 
occluded fluid were inulin-free. 
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Fig. 3. Distribution in the occluded volume of creatinine injected after occlusion 
of the ureter. Mean values and standard deviations for groups of six experiments. 

(a) Distribution of creatinine injected at time of occlusion. Infusion fluid,’ 
20 % mannitol in saline. (b) Distribution of creatinine injected 6 min after start of 
occlusion. Filled circles, 23% mannitol infused; open circles, 10% mannitol + 
15 % glucose infused. 

Also shown are: the mean position and range of the point of lowest sodium 
concentration (crosses) and of the first trace of material derived from filtrate formed 
after release of occlusion (vertical bars). 
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If injected 6 min after ureteric occlusion and left to circulate for 5 min 
before releasing the obstruction, exogenous creatinine likewise appeared in 
most of the serial urine samples, except the most distal fractions which 


comprised from 3 to 28% of the occluded volume. These results showed that: | 


substances believed to enter the nephrons only by glomerular filtration... 


continued to do so when the outflow from the kidney was blocked, not, — 


only in the initial stages during which ureter pressure rose steeply, but also 


after it had attained very high levels, as indicated by the records which 


will be discussed later. 


Distribution of the marker in the occluded fluid 
Contrary to the usual conventions of stop-flow analysis the urinary 
concentration patterns of creatinine (or inulin) in this type of experiment 


could obviously not be taken to reflect the extent of water reabsorption at 


different points of the nephron. Nor did the quantity of the reference 
substance found in any particular fraction indicate in how much filtrate it 
was originally contained, because after injection the plasma creatinine or 
inulin concentration first rose to a peak and then fell, and the precise 
moment during the period of obstruction when the material entered the 
nephron was not known. 

If creatinine was injected at the moment of clamping the ureter the 
first 30% of the occluded volume to emerge contained, on average, 18 %/, 
of the total exogenous creatinine recovered. The remainder was fairly 
evenly distributed through the rest of the ‘dead space’, with 25% of the 
total coming out in the last 20% of the occluded fluid (Fig. 3a). By con- 
trast, if creatinine was injected 6 min after the start of occlusion not more 
than 5-7 % of the total found in the occluded volume was in the first 30%, 
and almost half was in the last 20°% of the column of occluded fluid as it 
emerged from the ureter (Fig. 3b). Both distribution patterns may give 
a misleading picture in that they appear to exaggerate the contamination 


of the distal fractions by filtrate entering during the obstruction compared 


with samples coming from proximal sites. It is perhaps not unreasonable 
to assume that the molecules of the marker which had travelled farthest 
down the nephron were the first to pass across the glomerular membrane 
after injection, at the time when the plasma concentration was at its peak. 
If this was so the small quantities of marker which reached the distal sites 
probably represented very small volumes of filtrate. It follows that of a 


‘aon-reabsorbable substance present in constant concentration in filtrate 


formed after ureteric obstruction only a small quantity would reach the 


_ distal segment, whereas much greater amounts would continue to pass 


into the proximal third of the occluded tubules. 
In one experiment out of six the distribution in the ‘dead space’ of 
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inulin injected 2 min after clamping the ureter resembled that of creatinine 
injected at the moment of occlusion (Fig. 3a); in three experiments it 
resembled that of creatinine injected 6 min after blocking the outflow 
(Fig. 3b); and in the remaining two it was intermediate between these 
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Fig. 4. Typical pressure records obtained from the obstructed ureter (two dogs). 
In each record, upper trace: femoral arterial pressure, lower trace: ureter pressure. 
In both experiments 23% mannitol was continuously infused at 10 ml./min, and 
the ureter was occluded for 11 min. ; | 

(a) Initial urine flow from left kidney 12-2 ml./min. No injections were made 
during occlusion. | 

(6) Initial urine flow from left kidney 11-8 ml./min. 6 min after start of occlusion 
rapid 1.v. injection of 1 g creatinine (Cr). On this occasion this caused a transient _ 
rise of arterial B.P., which was reflected in the ureter pressure. Final slow injection 
of 0:7 g inulin (In) caused no disturbance of blood pressure, but a slight rise of 
ureter pressure. 


types. This suggested that the initial phase during which filtrate apparently 
could still enter rapidly was almost over at the end of 2 min as is shown in 
the curve in Fig. 1. A change of conditions at about this time was also 
suggested by the records of ureter pressure. 
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sa The pressure in the obstructed ureter 
“Typical records of ureter pressure are reproduced in Fig. 4. In these 


tracings four characteristic stages could usually be distinguished. In the 
first 10-40 sec the pressure above the obstruction rose rapidly to levels 
ranging from 55 to 95mm Hg. During the next 30-90 sec the pressure 
curve became inflected. This was followed by a slow steady pressure rise, 


with the slope of the curve remaining constant for several minutes. In the 
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Fig. 5. (a) Ureter pressure after occlusion expressed as a percentage of the value 
attained immediately before release of the obstruction. Mean values and standard 
deviations. Filled circles, experiments without glucose; open circles, experiments 
with glucose in infusion fluid. (b) A—U pressure differences (femoral artery—ureter). 
Mean values and standard deviations. Same experiments as in (a). 


final phase the rise of pressure virtually ceased and the curve flattened out. 
This rarely occurred before the end of the fifth minute of occlusion, and in 
some experiments this last stage was not reached at all. Any alteration of 
the mean arterial pressure, whether sudden or gradual, was reflected in 


the ureter pressure by a change in the same direction but of lesser magni- 


tude. A small upward step in pressure frequently followed upon the 
injection of each filtration marker. : 


In Fig. 5 the average minute-to-minute changes in ureter pressure are 
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expressed as percentage of the value reached at the end of 11 min of 
ureteric obstruction. The latter ranged from 75 to 148 mm Hg. The final 
difference between femoral arterial and ureter pressure ranged from 26 to 
73mm Hg. Figure 5 shows tht 2 min after occlusion ureter pressure 
averaged about 81° and 6 min after occlusion about 95% of the final 
- height attained. These percentages would have been slightly higher if the 

_ terminal injection of inulin or thiosulphate had not been made. 


Estimation of the volume of filtrate formed by the obstructed kidney 
- The plasma clearance by the obstructed kidney in ¢ sec between injection 
of the material and release of the ureteric obstruction was C, = (Q—q)/cml; 
and the apparent mean rate of clearance C, = (Q—q) x 60/¢¢ ml./min (each 
symbol having the meaning explained under Methods). 

For creatinine injected at the moment of obstructing the ureter C,, 
averaged 4-7 ml./min (range: 3-0—6-2 ml./min). This was 18 % of the plasma 
clearance during free urine flow. However, in the obstructed kidney Cz is 
not a measure of filtration, because the rate of filtration obviously diminishes 
during the period of occlusion. As is illustrated in Fig. 1, it probably 
dropped most rapidly in the first minute in these experiments, at the same 
time as the plasma concentration of creatinine fell steeply from the 
maximum reached shortly after injection. In these circumstances, in order 
to calculate accurately the volume of filtrate formed during a given 
interval of time, an exact knowledge of the time course of the decline in 
filtration rate is required. In the absence of precise information on this 
point the assumption was made that the decline was exponential. A further 


assumption was that from the start of the slow steady rise in ureter — 


pressure onward filtrate entered the nephrons at a much reduced, but 
approximately constant rate. Accordingly, when creatinine was not 


‘injected until 6 min after blocking the ureter the apparent mean plasma | 


clearance C,, was taken to equal the ‘residual’ filtration rate (RrR). It 
must be stressed, however, that the values presented in what follows are to 
_ be regarded as estimates rather than precise measurements, and that they 
depend on premises whose validity has yet to be established. 
Calculations based on the foregoing assumptions (see Methods) indicated 
that from the beginning of the occlusion to the moment of release 8 min 


later a total of 12-25 ml. of glomerular filtrate entered the obstructed 


kidney. This was 5-6—10-8 % of the total volume of filtrate that would have 
been formed in the same time in conditions of free urine flow (Table 1). 
If these calculations are valid it follows that the volume of filtrate formed 
during ureteral obstruction was from 1-3 to 2-2 times larger than the 
occluded volume. The free-flow creatinine U/P ratios in these experiments 
ranged from 2°46 to 3-87. Control experiments carried out in comparable 


i 
| 
ka 


51 


5 

= 

F a's : 

Z-6 1-92 6-9 8-9 8-9F 00-01 - SFI a 

9-9 0-% 00-8 0-FZ 9-6 8-9 L9-9 6-6 

Re jo ururg d/a aio MOP 

<a) JO % 9 

= 1048] Z poyooful 

& 


of 
al 
to 4 
re | 
al 
ne 
on. 
l; 
h | | 
1a, 
is | 
es 
| 
er 
n 
in 
is 
er ft 
Pr 
t 
A 
It 
od 
in 
sd | 
e 
ts 
le } | 
4-2 


52 M.G.TAYLOR AND ELISABETH ULLMANN 


conditions (see Methods), showed that with a constant plasma creatinine 
concentration the average U/P ratios for the total occluded volume were 
1-05-1-20 times the free-flow ratios. In the five experiments under con- 
sideration in Table 1 this would correspond to maximal U/P ratios ranging 
from 2-95 to 4-65. It thus appeared that of the total volume of filtrate of 
which the occluded fluid was the residue between one quarter and three 
fifths entered the kidney after the ureter was clamped. 


Residual filtration in the presence of high ureter pressures 
Between the sixth and eleventh minutes of ureteric obstruction residual 
filtration (RFR) averaged 5-9% (s.p.+ 1-41) of the free-flow glomerular 
filtration rate (@FR) in six experiments in which diuresis was produced by 
infusing 23° mannitol. In another six experiments the infusion fluid 
contained 10° mannitol and 15% glucose, and in this series the residual 
filtration rate averaged 11-4% (s.p.+1-65) of the free-flow arr. The 
difference of 5-5°% between the mean RFR values in the two types of 
experiment was very highly significant statistically (P < 0-001). 

The rate of urine flow, free-flow Grr and creatinine U/P ratio, occluded 


volume, and arterial blood pressure did not differ systematically in the two — 


series (Table 2). The final ureter pressure averaged 118mm Hg when 
- mannitol alone was infused, and 95 mm Hg when the mannitol-glucose 
mixture was given, a significant difference (P < 0-05). The final A—U 
gradient, i.e. the pressure drop between femoral arterial blood and the 
fluid in the blocked ureter, averaged 37-5mm Hg in the former, and 
45-0 mm Hg in the latter series. The difference between these two values 
was not statistically significant, and the difference in ureteric pressure was 
in part a reflexion of the higher average arterial blood pressure in the 
experiments in which mannitol only was used. 

The results revealed a genuine difference Leben the two types of 
experiment which was independent of whether the assumptions made in 
calculating RFR were correct or not. This difference showed that filtration 
in the occluded kidney was greatly influenced by the composition of the 
fluid trapped in the nephron, even if this fluid contained much osmotically 
active solute. The presence of a substance which could be actively re- 
absorbed from the tubular lumen clearly favoured the continuing entry of 
new filtrate in comparison with an essentially non-reabsorbable compound. 
It was interesting that the additional exogenous creatinine that appeared 
in the occluded fluid if glucose was infused was not confined to the 
‘proximal’ urine fractions, but seemed to diffuse, or flow, into the distal 
segment,also. The distribution of the total recovered material in the ‘dead 
space’ was remarkably similar whether or not glucose was used. This is 
shown by the open and filled circles of Fig. 35. 
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In phlorrhizinized animals (170-200 mg/kg) the difference between 
experiments with and without glucose disappeared. The results could not 
be compared directly with the findings in normal animals because of the 
profound depression of free-flow arr by phlorrhizin. 


Taste 2. Residual filtration between the sixth and eleventh minute of ureteric obstruction 


Ureteric obstruction 


RFR 
Free flow 
c % of Final pressures 
Body. : U/P Occluded free- (mm Hg) 
weight Urine GFR creati- volume (ml./ flow ,- A . 
No. (kg) (ml.) (ml.) nine (ml.) min) GFR aA.B.P. Ureter A-U 
I. 23% mannitol infused 
N2 13-8 8-7 22-85 2-64 12-40 155 6:8 154 116 = 38 
N3 118 9-0 26-80 2-98 16-05 159 865-9 142 109-33 
N4 17-0 7-5 24-15 3-26 9-14 105 43 168 11355 
N6 185 16-2 45-50 2-80 20-33 198 43 60 124 36 
N8 143 11-5 38-18 3-32 19:70 253 66 ~- 154 117 37 
N19 16-2 11-8 34-10 2-89 18-18 2-67 7:8 156 130 26 
Mean 15:3 10:78 31-93 2-98 15-97 189 5:95 156 118 = 37-5 
8D. +24 +891 +026 +441 +062 +141 +85 +76 
II. 10% mannitol] and 15% glucose infused | 
Gl 10-2 31-21 3-06 15-57 4:09 13-1 160 87 73 
G2 118 8-0 28-80 3-60 18:00 2-88 10-0 122 6: 
G3. 15-7 11-5 33-35 2-90 14-98 3:99 12-0 154 118 36 
G4 13-5 120 33-36 2-78 15-42 3:85 144 42 
~ G5 12-1 12-2 31-48 2-58 15-76 407 12-9 136 92 44 
‘G7 19-2 13:0. 46-30 3-56 25:08 412 89 144 116 - 28 
Mean 14:55 11:15 34-08 3:08 = 17-47 3°83 11-40 143 98 45 
+1:80 46:22 +4042 +047 +134 4153 
Ill. 23% mannitol infused. Hydrochlorothiazide, 1.v. 
CO 155 9-33 30-32 3-25 20-43 3:43 11-3 138 89 
C10 17:8 7:00 20-58 2-94 17-02 1-81 8-8 114 84 30 
Clg = 12-2 16:30 33-90 2-08 20-78 3-27 9-6 134 107 27 
Mean 15-2 10-9 28-25 2-79 19-41 284 99 129 93 35 
IV. 23% mannitol infused. Mercaptomerin sodium, I.v. 
M11 101 10-50 22-36 2-13 11-00 103 46 126 
M13 163 10-50 32-23 3-07 19-43 2-84 8-8 150 123 27 
M16 138 11:00 25-66 2-33 15-03 2-04 7-9 150 112s: 38 
Mean 134 10:70 26-75 251 515 197 71 142 113 29 


In a further six experiments drugs known to diminish tubular reabsorp- 
tion of sodium. were used in order to determine whether residual filtration 
in the occluded kidney was thereby reduced or abolished. In all of them 
increased excretion of. water and sodium and increased urinary sodium 
concentration in conditions of free urine flow showed the drugs to have 


_been effective. Filtration during occlusion was not measured in the same 


animals before giving the drugs because a high background of creatinine 
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and inulin persisting in plasma and urine the first run impaired the 
accuracy with which small changes of concentration could then be 
assessed in the second of two consecutive runs. 

In three experiments 10-20 mg hydrochlorothiazide (Esidrex, Ciba) was 
injected intravenously after full diuresis had developed during infusion of 
23° mannitol; the ureter was blocked 10-20 min later. Contrary to 
expectation RFR exceeded in every instance the highest single value found 
in the six experiments without the drug. It averaged 9-9 °% of the free-flow 
filtration rate compared with 5-95 %, but none of the remaining measured: 
variables showed any clear differences (Table 2/II1). 

The chlorothiazides ae known to exhibit antidiuretic properties in 
certain conditions (Crawford & Kennedy, 1959). As this might conceivably 
have accounted for enhanced reabsorption of the static fluid in the 


occluded nephrons, and might thus have promoted the entry of new 


filtrate, a further three experiments were carried out in which sodium 
reabsorption was depressed by mercaptomerin sodium (Thiomerin, 
Wyeth): 2 mg Hg/kg was administered by slow intravenous infusion in the 
course of 45 min, followed by the usual rapid infusion of 23° mannitol. 
The ureter was blocked 40-50 min after stopping the drug infusion. Again 


RFR: was found to be somewhat greater than when no drug was given, 


averaging 7-1 °% of free-flow err, but in this case there was some overlap 
between the groups (Table 2/IV). In no instance did mercaptomerin 
depress the residual filtration to a value below those found when sodium 
reabsorption was not, inhibited. Neither drug enhanced RFR as much as 
did glucose. 7 


Occlusion of the ureter during minimal osmotic diuresis 
On a number of occasions the ureter was blocked while urine was 
excreted at much lower rates than in the experiments described so far. The 
osmotic activity of the anaesthetic by itself was responsible for unilateral 
flow rates between 0-1 and 0-35 ml./min; they could be increased to 
1-0-2-5 ml./min by cautious infusion of 5°% mannitol. In this type of 


experiment ureteric obstruction was maintained for periods ranging from 


18 to 120 min. During this time changes in filtration rate of the contra- 
lateral kidney sometimes occurred spontaneously, and sometimes as a 
result of the experimental procedure. It was therefore necessary to com- 
pare the performance of the obstructed and unobstructed kidneys while 


_ plasma creatinine concentration was maintained at a constant raised level. 


The mean plasma creatinine clearance of each kidney (as distinct from 
‘filtration’ rate), while one of them was occluded, was expressed as a 
percentage of the average creatinine clearance in all free-flow control 
periods. The course of one such experiment is illustrated in Fig. 6. In this 
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and in most other low-flow experiments the ureter was obstructed twice; 
on the first occasion occlusion lasted three times as long as the interval 
which elapsed before ureter pressure reached a constant level: on the 
second for the length of this interval only. 

Sections from a typical ureter pressure tracing are anit in Fig. 7. 
After a rapid rise to 20-30mm Hg immediately after clamping, the 


Mean plasma clearance 
(Yo of average free-flow control rate) 
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Fig. 6. Plasma creatinine clearance during slight osmotic diuresis in the freely 


draining and in the obstructed kidney. Thin line: right kidney, draining freely in all 
periods. Thick line: left kidney, whose ureter was blocked during two periods of 


unequal length, indicated by the heavy horizontal bars. Thin horizontal bars show © 


periods of collection of fractional urine samples from left kidney. The mean plasma 
clearance for each period is calculated as a percentage of the average clearance 


during all free-flow periods for the same kidney. Plasma creatinine kept constant: 


at a raised level by slow continuous infusion. Initial urine flows: left kidney, 
2-17 ml./min; right kidney, 2-03 ml,/min. Ureter pressure in the left kidney reached 
a constant level after 6 min obstruction. If on the first occasion mean plasma 
clearance during the initial 6 min was the same as on the second occasion (72%), 
the calculated mean plasma clearance during the remaining 12 min of constant 
ureter pressure drops to 26% of the control rate, as indicated by the broken lines. 


el. 


pressure remained at or near this level for several minutes. It then climbed 
slowly and steadily and eventually reached a plateau. The time necessary 
for the level to become constant was greater the slower the rate of urine 
flow before occlusion. After this the only detectable further changes 
paralleled changes in blood pressure, i.e. the A-U pressure difference 
appeared to remain constant indefinitely. It was greater than when the 
kidney was occluded during maximal osmotic diuresis, varying from 115 
to 80mm Hg. If, after it had remained apparently unaltered for 
30-90 min, +8 fast infusion of 20% mannitol was begun, ureter pressure 
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would immediately start to rise again steeply, and the A—U gradient was 
diminished. This phenomenon was first briefly described by Winton (1935) 


and was seen during micropuncture studies on the unobstructed diuretic 
kidney by Gottschalk & Mylle (1957). It invariably occurred in the 
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Fig. 7. Obstruction of the ureter during minimal osmotic diuresis. Sections hae 
a continuous pressure record. Upper trace, blood pressure in femoral artery ; lower 
trace, pressure in the blocked left ureter. Urine flow from left kidney before occlu- 
sion, 0-18 ml./min. No osmotic diuretic administered except chloral thane 
mixture given as anaesthetic. 105 min after start of occlusion an infusion of 20% 
mannitol at the rate of 10 ml./min was begun (M). Ureter pressure began to rise 
almost at once and eventually levelled out again at a higher value. 


present low-flow experiments after injection of the final filtration marker 
which was begun 90sec and completed 30 sec before release of the ob- 
struction; as already mentioned, it was seen also in vestigial form if the 
ureter was blocked during maximal osmotic diuresis. : 
Owing to the slow rates of urine flow a long time was required to collect, 
_ after occlusion, the volume of occluded fluid which was uncontaminated 


> 


q 
x 
¥ 
| 
| 
t 
100 4 
4 
| 
4 
Aa 
+ 
| 
- 


w 


rker 
ob- 
the 


lect, 
ated. 


FILTRATION DURING URETERIC OBSTRUCTION 57 


“by the final filtration marker. The latter tended to appear suddenly in 


relatively high but variable concentration, and in only three out of seven 
experiments was it possible to differentiate with some degree of confidence 
between ‘occluded’ volume and urine derived from filtrate formed after 
the release of the block. In these three experiments the mean plasma 
clearance during the long occlusion was approximately one half, and during 
the short occlusion approximately three quarters, of the average control 
value for the same kidney (Table 3). | 


TaBLE 3. Mean plasma clearances in minimal osmotic diuresis. Cz expressed as percentage 
of average value for all free-flow control periods. Left ureter obstructed 


Free urine 
flow before 
occlusion Minutes Cz 
(left kidney : of A 
No. ml./min) occlusion Left Right 
L3 2°17 18 47-7 92-4 
2-58 ' 6 72-0 | 111-2 
L6 0-28 60 : 50-1 92-0 
0-58 20 69-4 96-8 
Li 0-20 45 63-1 97-2 


0-18 17 95-6 


These results demonstrated that in a kidney whose outflow is blocked 
while the urine flow is low filtration may continue at a considerable rate, 
even at a time when there is no further obvious change in ureter pressure. 


This conclusion was implicit also in the renewed rise of ureter pressure 


following injection into the blood stream of non-reabsorbable material. 
The simultaneous diminution of the A—U gradient indicated that there was 
now osmotic retention in the nephron of fluid that could be continuously 
reabsorbed during the preceding phase, in which ureter pressure had 
remained steady at a lower level. But to exert this effect non-reabsorbable 
material which is not secreted must clearly be able to pass into the nephron 
through the glomerular membrane. : 


DISCUSSION 
Ureter pressure and filtration in the occluded kidney 


During osmotic diuresis the intratubular pressure in the distended 
nephrons is greatly elevated compared with the non-diuretic state, and is 
almost as high in the distal as in the proximal segments. At the same time 
the pressure in the renal pelvis is not increased, so that the pressure drop 
across the collecting duct system becomes much steeper. This was shown 
by Gottschalk & Mylle (1957) in direct micropuncture studies on the freely 


draining kidney of the rat. If the state of the dog’s kidney in osmotic 
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diuresis resembles that of the rat the very rapid rise of ureter pressure seen 
immediately after occlusion probably represents the instantaneous equili- 
bration of the low pelvic pressure with the existing high pressure in the 
proximal and distal tubules, and not, as is usually supposed, the filling up 
of the system with fluid that cannot escape. When creatinine was injected 
at the moment of occlusion the amount of exogenous material that found 
its way into the occluded nephrons was much greater than after later 
injection, but this does not necessarily imply that the volume contained 
in the system increased during the first minute or two. If before most of 
the normal reabsorptive processes came to a standstill the tubules con- 
tinued for a brief time after ureteric obstruction to reabsorb, as during free 
flow, 50-60% of the glomerular filtrate, a large quantity of fresh filtrate 
charged with injected creatinine could replace the fluid reabsorbed without 
any change in the total volume of fluid in the nephrons. 

The subsequent gradual rise of ureter pressure, on the other hand, is 

almost certainly due to a slow increase of intratubular volume. It suggests 
steady accumulation of the non-reabsorbable residue of glomerular filtrate 
formed at this stage. Without knowledge of the actual glomerular capillary 
pressure and of the capacity of the system of nephrons it is not possible to 
tell from the ureter pressure curve and A-U difference alone whether at 
this time filtration proceeds at a steadily diminishing or at a constant rate. 
If the rising intratubular pressure reduced the net filtration pressure across 
the glomerular membrane, or if it depressed the remaining reabsorptive 
processes which make room for new filtrate, filtration rate would be falling. 
But filtration could continue at a constant rate if fluid leaked out of the 
tubules (as discussed below), or if the pressure rise within the tubules was 
transmitted to surrounding blood vessels, and thence backward to the 
glomerular capillaries, so that the effective gradient across the membrane 
remained unaltered. Our findings are in favour of a constant filtration 
rate at this stage, since the mean plasma clearances of inulin and creatinine 
were of the same order of magnitude whether injections were made 2 min, 
or 6 min after blocking the ureter. : 

Ureter pressure and A—U difference eventually attain constant values: 
how soon, and at what absolute level of pressure depends on the osmotic 
activity of the filtrate before and during ureteric obstruction. The plateau 
was usually, but not invariably, reached at about the sixth minute of* 
occlusion during maximal osmotic diuresis. However, the flattening of 
the pressure curve is not a valid sign that filtration has ceased. For not 
only do glomerular substances still find access to the tubules at this stage, 
but the pressure in the ureter can be made to rise further by suddenly 
raising their concentration in the circulating plasma. This is difficult to 
explain unless the osmotic activity of glomerular substances on entering 
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the tubules retains in the nephrons fluid which also entered, but was not 80 
retained during the preceding ‘steady’ state. pea 

The higher residual filtration rates encountered if glucose was sub- 
stituted for part of the mannitol in the filtrate were clear evidence that 
continuing active reabsorption is an important factor determining filtration 
rate in these conditions. Part of the removal of fluid from the nephrons — 


. which permits continued filtration in the occluded kidney appeared 


however to be due to a physical mechanism, such as the difference in protein 
concentration between lumen and post-glomerular blood, or to ‘distal’ 
water reabsorption. The experiments which showed that inhibitors of 
sodium reabsorption did not reduce the rate of residual, i.e. ‘replacement’ 
filtration, though not conclusive, strongly suggested this. 

Inall conditions explored some fraction of the newly entering filtrate would 
normally be left behind in the tubules as non-reabsorbable residue. Thus if 
ureter pressure can become constant while filtration continues, a state of 
equilibrium must have been reached, but in what manner is far from clear. 

If the tubules increased their capacity at the expense of the blood content 
of adjoining capillaries and venules the process would be rapidly self- 
limiting. It may be argued that the rate of deposition of non-reabsorbable 
material from the filtrate has become so slow that the associated rise of 
ureter pressure escapes detection in short periods of observation. But it 
was not possible to detect it even when the occlusion was continued for _ 
50-60 min after an apparently constant pressure was reached during 
mannitol infusion, and for 120 min when no infusion was given. This 


- failure was not conclusive proof against the hypothesis, since the rise may 


not have manifested itself because the animals’ condition may have 
deteriorated during these long experiments. In an intact animal in the 
course of hours or days the pressure might well rise further. | 
Another possibility is that ureter pressure became constant because the 
‘non-reabsorbable residue’ becomes reabsorbable after obstruction of the 


ureter. This was suggested and discussed by Winton (1935), who thought 


that there might be a leak from the distal segment. The distribution of the 
filtration marker after late injection in our experiments makes it more 
probable that leakage, if it occurs, is from the proximal tubule. Nor can it 
be a simple escape of fluid through holes in the tubular wall. The cells of 
the proximal tubule become thin and flattened when there is a high hydro- - 
statie pressure in the lumen (Brodie, 1914; Gottschalk & Mylle, 1957). 
This, or stagnant anoxia in the congested kidney, might conceivably 


_ destroy their power to prevent selectively the outward passage of certain 


molecules, so. that all the filtrate formed could then be returned to the 
blood stream by active transport or protein osmotic pressure. However, 
certain difficulties arise in this context. The postulated loss of selectivity 
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has to be reconciled with the fact that the tubular wall appears to remain 


an effective semipermeable membrane with respect to the osmotic activity 


of the fluid entering the nephrons, and of the protein in the post-glomerular 
blood. Also, as Winton has pointed out, if all substaaces become reabsorb- 
able, including inulin and creatinine, filtration rate will be underestimated. 
The validity of the inulin and creatinine clearance as a measure of filtration 
at low urine flows is still a matter for debate (Balint & Forgics, 1960). The 
depression of these clearances during osmotic diuresis in the freely draining 
kidney (Mudge, Foulks & Gilman, 1949; Dempster, Eggleton & Shuster, 
1956), though open to several interpretations, also indicates that the 
possible reabsorption of inulin and creatinine in the distended kidney must 
be seriously considered. However, there is as yet no definite proof that it 
occurs. 


_ The validity of quantitative estimates of filtration rate in the 
obstructed kidney 


It will be evident from the foregoing discussion that the assumptions 
made in the calculation of actual filtration rates were no more than working 


hypotheses, based chiefly on the mean plasma clearances of the injected 


substances. For creatinine administered at the instant of occlusion C,, over 


8 min averaged 18 % of the free-flow Grr; and 6-1°% over the remaining 
6 min of the same experiments for inulin injected 2 min later. When the 
creatinine injection was made 6 min after the start of occlusion in another 
group of animals under comparable conditions, C, over 5 min averaged 
5-9%. From this it was inferred that the rate of entry of new filtrate into 


the blocked kidney probably altered very little between the second and — 


the eleventh minutes, and even if it did diminish somewhat toward the end 


of the period no great error would be introduced by regarding the rate as 
constant. In the first 2 min, taken by themselves, C,, niust have been much | 


greater than 18%, but the mean plasma concentration of the marker was 
high at that time. Therefore the true filtration rate must have been 
decreasing rapidly at first, and an exponential decline was assumed as most 
probably correct for the initial phase. It was realized that this would 
represent the actual course of the change of filtration rate only approxi- 
mately; but it was considered that any divergence there might be would 
not substantially affect the values for total entry of filtrate during 


; occlusion which it was desired to estimate. 


If in the obstructed kidney creatinine and inulin were not dealt with in 
the normal way this would invalidate our estimates in a much more 
unpredictable manner than errors arising from the assumptions on 
which the calculations were based. That filtration rate might have been 


-under-estimated has already been discussed. It might also have been 
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over-estimated if creatinine were secreted or diffused into the occluded 
tubules. Despite the initially high plasma concentrations this probably did 
not occur, as it made no difference whether in the same type of experiment 
creatinine or inulin was employed; it is not likely that both were secreted. 
An erroneously high value for filtration would also have been obtained if, 
owing to congestion, the injected material had lain stagnant in the 
glomerular capillaries in high concentration, to be swept into the filtrate 
after release of the ureter at a time when the systemic arterial concentra- 
tion had fallen to a much lower value. That this was not the true explana- 
tion for the higher concentration of the marker in the ‘occluded’ volume 
was shown by the fact that the amounts of creatinine which entered it 
differed greatly in experiments with or without glucose, which were alike 
in every other respect. 


Implications for stop-flow analysis 

For the practice of stop-flow analysis it is not without interest that 
glomerular filtration in the occluded kidney does not stop, even when 
ureter pressure reaches a steady level, an event which does not take place 
before the fifth or sixth minute of occlusion. Omachi & Macey (1959), in a 
brief report not seen by us before our work was completed, have described 
the presence in occluded fluid of various filtration markers injected 
successively during a stop-flow experiment. Their findings agree with ours, — 
but in their deductions they do not appear to have taken into account that 


the concentration of the recovered marker is no direct guide to the volume 


of filtrate in which it was contained. It is apparent from our results that 


‘flow’ during ureteric obstruction is restricted in the main to the upper 


portions of the nephrons. As during free urine flow, the volume of fluid 
reabsorbed from the distal segment and replaced from above must be very 
small in comparison with filtration. The fluid in the distal 30-40 % of. the 
occluded fluid column, which usually includes the region of lowest sodium 
concentration, appears to be only very slightly contaminated by filtrate 
that has entered the proximal tubules after the start of occlusion; virtually 
no filtrate formed after the second minute reaches it. Thus in the distal seg- 
ment reabsorption and secretion do indeed act on an almost stationary pool. 

More proximal sites receive during occlusion progressively increasing 
amounts of new filtrate. Samples coming from these regions are therefore 
not in their entirety contemporaneous with the distal samples, nor within 
their own sequence. The arrival of new filtrate will make secretory processes 
appear exaggerated and will tend to conceal reabsorption. This can in 
part be amended by using the ratio U/P,,.): U/P (creatinine) when following 
the fate of substance x. But this correction does not eliminate inequalities 
between portions of the contents which are due to differences in time spent 
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in the tubules. That the interpretation of distal concentration patterns is 
- more reliable. and straightforward has, of course, been inferred from 
indirect evidence and other arguments by several users of the method. 

From a study of the creatinine concentration of proximal samples 
Malvin, Wilde, Vander & Sullivan (1958) obtained the impression that 
replacement of occluded fluid by fresh filtrate was enhanced by substances 
like glucose which can be actively reabsorbed. Our findings have con- 
firmed that this is in fact the case. It follows that if the composition of the 
solution infused is altered between two consecutive experiments performed 
on the same animal the two runs may not be strictly comparable, because 
of differences in the amount of filtrate formed during occlusion which will 
penetrate to a given distal or proximal site. 

If the outflow is obstructed when no or only a minimal quantity of an 
osmotic diuretic is circulating filtration in the occluded kidney continues 
at such a high rate that stop-flow patterns obtained in these circumstances 
would appear to be meaningless. By imposing on the ureter from the start 
of occlusion a pressure close to or higher than arterial pressure, as was 
recently done by Jaenike & Berliner (1960), this difficulty can probably be 
overcome. | 

SUMMARY 

1. By a modification of stop-flow analysis the amount and distribution 

of exogenous creatinine and inulin in the volume of fluid occluded in the 


dog’s kidney were determined. These substances were injected into the. 


circulation at various times after obstruction of the ureteric outflow 
during maximal osmotic diuresis. The changes in their plasma concentration 
were followed, and the pressure in the ureter above the yemeeeiion 
was continuously recorded. | 

2. Ureter pressure was found to rise rapidly at first and then outs and 


steadily. It did not attain a constant level until 5 min after obstruction, 
or later. | 


3. The levelling of the pressure curves did not coincide with cessation of 


glomerular filtration, which was found to continue throughout periods of 
occlusion lasting up to 11 min. 


4. On the basis of specified assumptions the total volume of filtrate 


entering the obstructed kidney during 8 min of occlusion was estimated to 
average 9% of the volume of filtrate that would have been formed in 
8 min of free urine flow. 

5. No systematic difference in the plasma clearance of filtration markers 
was detected whether they were injected 2 or 6 min after blocking the 


ureter. It was inferred that after the second minute of occlusion filtration 


continued at an approximately constant rate, averaging 5-9 % of the free- 
flow rate if 23° mannitol was infused. The rate averaged 11-4 % of the 
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ns is free-flow value if two thirds of the mannitol in the infusion was replaced 
from | by glucose. 
1. 6. From 96 to 100% of the occluded fluid was found to contain 
ples material that had crossed the glomerular membrane after the ureter was 
that obstructed. The distal 30-40% of the occluded fluid column received a 
nees _ small fraction of the filtrate formed during the first 2 min, and practically 
con- none of that formed after the sixth minute. Considerable quantities of new 
fthe | filtrate continued to flow into the proximal third of the ‘dead space’. 
med 7. If the ureter was blocked for 18-120 min when no or little osmotic 
ause diuretic was circulating the occluded fluid contained up to 75% of the 
will quantity of filtration marker excreted in the same time by the freely 

draining kidney. Ureter pressure became constant later, and at a lower 
f an absolute value than in maximal osmotic diuresis, but this again did not 
nues ? indicate cessation of filtration. | 
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ACUTE INSULIN DEFICIENCY PROVOKED IN THE DOG, 
PIG AND SHEEP BY SINGLE INJECTIONS OF 
| ANTI-INSULIN SERUM 
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It has been reported that the intravenous or intraperitoneal injection 
of guinea-pig anti-insulin serum provokes hyperglycaemia in the mouse 
(Moloney & Coval, 1955; Moloney & Goldsmith, 1957), and in the rat, 
rabbit and cat (Armin, Grant & Wright, 1960a, b). It is now shown that 
such serum has a similar effect in dogs, a pig and a lamb and that in the 
pig and the lamb this hyperglycaemia coincides with the disappearance. 
of biologically active insulin from the blood. | | 


METHODS | 
Sera. Guinea-pig anti-insulin serum was obtained from animals treated with recrystal- 
lized bovine insulin (Robinson & Wright, 1961) and assayed for insuli tralizing potency 


in conscious fed rats (Armin et al. 1960a). Control serum was obtained from guinea-pigs 
which hed received injections of an emulsion containing no added insulin, whilst normal 
serum came from untreated normal animals. 

Animals. Dogs: three mongrel dogs (No. 1, male, 17 kg; No. 2, male, 13 kg; No. 3 
female, 17 kg) were anaesthetized with thiopentone sodium (Pentothal, Abbott Laboratories ; 
25 mg = 0-5 ml./kg). 

Pig: a Large White pig (male; 26 kg) with pentobarbitone sodium (Veterinary Nembutal, 
Abbott Laboratories; 30 mg = 0-5 ml./kg) anaesthesia being maintained by smaller doses 
injected intravenously as required. Local procaine (2 g/100 ml.) anaesthesia was used to 
introduce polythene catheters (internal diameter, 0-023 mm., size PE10, Clay Adam Co. 
Inc.) into a vein and an artery; the femoral vessels were used in the dogs and smaller 
superficial vessels in the hind limb of the pig. 

Lamb: a Hampshire lamb (female, 24 kg) had a similar catheter inserted through a 
needle into the external jugular vein; this animal received no general anaesthetic and was 
restrained in a specially constructed stock. The catheters were connected by way of Perspex 
three-way taps (Armin & Grant, 1953) to an infusion pump (Armin et al. 19606) and were 
kept patent by slow infusions of NaCl solution (0-9 g/100 ml.). Fluids were injected and — 
blood samples drawn through these taps, which also permitted measurement of mean 
arterial pressure with the mercury manometer. 

Sugar estimations were carried out on blood samples (0-2 ml.) by a modification (Wright, 
1957) of the method described by King (1951) and on samples of plasma and all incubation 
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media by the iodometrie method of Somogyi (1952) after precipitation of the proteins with 
Ba(OH), and ZnSO, (Somogyi, 1945). Both methods were used to determine the sugar 
content of some of the blood samples and similar results were obtained. 

Plasma-insulin activity. The experimental procedure used to determine the glucose 
consumption rates of rat hemi-diaphragms was similar to those described by Vallance-Owen 
& Hurlock (1954) and Wright (1957); a more detailed account will be published elsewhere. 
Albino rats of a Wistar strain (125-200 g) were deprived of food but not of water for 24 hr 
and decapitated. The hemi-diaphragms were quickly removed and soaked for 10 min at 
room temperature (20—25° C) in a bicarbonate-buffered medium (Gey & Gey, 1936) con- 
taining glucose 0:25 g/100 ml. Each hemi-diaphragm was blotted and placed in the incuba- 
tion medium (1 ml.) in @ flask (gassed with a mixture of 95% O, and 5% CO,) and then 
incubated at 38° C for 90 min. The glucose content of the incubation medium was determined 
before and after incubation and the hemi-diaphragm weighed in the wet state after incuba- 
tion. Glucose consumption rates are expressed as milligrams glucose removed from the 
medium per gram wet weight of tissue per hour of incubation. 

In each experiment 24 rats were used, 6 hemi-diaphragms from different rats being incu- 
bated separately in each medium. The basal medium was that described by Gey & Gey 
(1936) saturated at room temperature with gelatin (Davis Gelatine Co. Ltd). All media 
used for incubation contained glucose in a concentration of approximately 250 mg/100 ml. 

Hemi-diaphragms incubated in the basal medium consumed glucose at the ‘basal rate’. 
When insulin was added (0-01—1-00 m-u./ml.) more glucose was consumed, the increment 
being described as the ‘insulin effect’; the stimulant effects produced by insulin in these 
concentrations were almost the same as those reported by Vallance-Owen & Hurlock (1954) 
and by. Wright (1957, 1960a). Insulin-like activity in plasma and plasma extracts was 
indicated when hemi-diaphragms incubated in their presence consumed more glucose than 
others incubated in the same experiment in the basal medium. For incubation plasma was 


. used after dilution (1:4) in the basal medium. Alternatively the plasma (2 ml.) was extracted | 


by the method of Baird & Bornstein (1957) and the extract (lamb, 60-75 mg; pig, 37 mg) 
dissolved in the basal medium (8 ml.). | 


RESULTS 


Dogs. Two animals (Fig. 1, Nos. 1 and 3) received intravenous injections 
of normal guinea-pig serum (1 ml./kg) followed later by a similar volume of 
anti-insulin serum (Batches 34943 and 479566) sufficient to neutralize 
1-5 and 1-8 u. insulin/kg body wt. The third animal (Fig. 1, No. 2) re- 
ceived only anti-insulin serum (Batch 34943) in the same dosage. Figure 1 
shows that neither of the dogs which received normal serum showed any 
change in blood-sugar concentration during the ensuing hour. In dog 


No. 1, however, the blood pressure fell from 170 to 83 mm Hg during the 


first 10 min and then rose to its original Jevel in the next 30 min. No 
change in blood pressure was observed in dog No. 3. Following injection 
of anti-insulin serum the blood-sugar concentration rose in two dogs 
(Fig. 1, Nos. 2 and 3) but was unaffected in the third (Fig. 1, No. 1); the 
blood pressures did not change. When the experiments were ended approxi- 
mately 1 and 4hr after injection of the anti-insulin serum, the two re- 
sponding dogs (Nos. 2 and 3) were still hyperglycaemic. 


Pig. Figure 2 shows that control guinea-pig serum (Batch 64; 18 ml.) 
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provoked no significant change in blood-sugar concentration. A steady 
increase in mean arterial pressure from 80 to 115 mm Hg occurred in the 
first 40 min. Anti-insulin serum (Batch 479566; 26 ml.), sufficient to 
neutralize about 1-5 u. insulin/kg body wt. and injected 63 min later, 
produced a progressive increase in blood-sugar concentration from 80 to 


Anti- 
Normal insulin 
serum 


8 


Blood-sugar concentration (mg/100 ml.) 


0 60 0 120 180 240 
Time (min) 

Fig. 1. Blood-sugar concentrations in anaesthetized (Nembutal) mongrel dogs 
after intravenous injection with normal guinea-pig serum and 46 min (Dog No. 1) 
and 63 min (Dog No. 3) later, with anti-insulin serum sufficient to neutralize about 
1-5-1-8 u. insulin/kg body wt.; Dog No. 2 received only the anti-insulin serum. 
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Fig. 2. Blood-sugar concentrations in an anaesthetized (Nembutal) Large White 
pig injected intravenously with control serum and 63 min later, with anti-insulin 
serum sufficient to neutralize 1-5 u. insulin/kg body wt. Blood samples (50 ml.) 
were drawn for plasma-insulin assay less than 10 min before control serum in- 
_ jection (No. 1) and 31 min after the injection of the anti-insulin serum (No. 2). 
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ady 218 mg/100 ml. in 2 hr; mean arterial pressure remained constant (110- 
the 120 mm Hg) except after the collection of blood sample No. 2 when it fell 
t to temporarily. The animal died suddenly 2 hr after the injection of the anti- 
ater, insulin serum and several minutes after an intravenous dose of pento- 
0 to ' barbitone; the cause of death appeared to be acute respiratory failure. 


Diluted plasma obtained from the heparinized blood sample (No. 1, 
50 ml.), drawn immediately before the injection of control serum, produced 
a small but significant insulin effect.when assayed by the rat-diaphragm 
method. The extract obtained from the same sample was slightly more 
active. These effects, summarized in Table 1, contrast with those produced 
by the plasma and the extract obtained from the blood sample (No. 2, 
50 ml.) drawn 30 min after the injection of the anti-insulin serum. The 
| — diluted plasma in this case was inactive, whereas the extract was about 
» ' three times more active than the extract from the first sample. 


‘TasLe |. Glucose consumption rates* of rat hemi-diaphragms incubated in the presence 
of diluted plasma and plasma extracts from a pig before and 30 min after injection with 
anti-insulin serum 

Incubation medium 


A. 


Glucose assay Insulin 

Material concn Basal. material effect Significance of 

assayed (mg./100 mi. ) (a) tp) (b—a) insulin effect. 
Plasma No. 1 104 2-20 (0-06) 2-74 (0-21) 0-54 (0-22) 0:02 < P < 0-05 
Plasma No. 2 141 2-20 (0-06) 2-41 (0-08) 0-21 (0-10) 0:05 < P < 0-10 
Extract No. 1 oe 2-66 (0-13) 3-53 (0-16) 0-87 (0-21) P < 0-01 
Extract No. 2 — 2-66 (0-13) 5-33 (0-24) 2-67. (0-27) P < 0-001 


? Glucose potentccipiions rates stated as mg glucose/g wet wt. tissue/hr; s.z. of means 
in parentheses. 


cr 


eo poet When normal guinea-pig serum (1 ml./kg) was injected into the 
lamb no change in blood-sugar concentration was produced. Anti-insulin 
serum (Batch 479566; 24 ml.), sufficient to neutralize about 1-5 u. insulin/ 
kg body wt. and injected 46 min later, raised the blood-sugar level from 
60 to 220 mg/100 ml. in 4 hr (Fig. 3). It remained elevated for at least 
6 hr, but returned to normal limits within 24 hr and thereafter remained 
} normal. The insulin effects produced by diluted plasma and plasma 
extracts obtained from blood samples drawn at various times during this 
experiment are given in Table 2 and Fig. 3. Detectable activity was found 
in diluted plasma obtained before (No. 1) and more than 6 hr after (Nos. 7— 
13) anti-insulin serum injection; those obtained less than 6hr after 
E injection of this serum (Nos, 3 and 6) were inactive. The insulin effect of 
° diluted plasma No. 7 was significantly greater than that of plasma No. 1 
) (P< 0 ‘001) and those of samples (Nos. 8-13) drawn during the succeeding 
\- month (P < 0-01). The insulin effects of plasma extracts Nos. 2-11 were 


significantly greater than that of plasma extract No.1 (P < 0-001) and 
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those of extracts Nos. 12 and 13. The extract of plasma obtained from this 
lamb’s twin at the same time as plasma extract No. 13 had an insulin 
effect of 2:18 + 0-30 mg glucose/g/hr; the effects produced by these two 
extracts are not, therefore, significantly different. 


Throughout the time this animal was restrained in the stocks (about © 


6 hr) it showed no signs of distress and was not unduly restless; it ate food 
when this was offered and lay down on two occasions. Once released to 
pasture its behaviour was not detectably different from that of its twin. 


TaBLE 2. Insulin effects (assayed by the rat-diaphragm method) produced by diluted 


_ plasma and plasma extracts from a lamb before and up to 29 days after injection with 


anti-insulin serum 
Time of Glucose Insulin effects* 
Sample ——*——,_ (mg./ Diluted Plasma 
no. hr days 100ml.) plasma Significance extract Significance 
1 Control 86 0-52 (0-21) 0-02 < P < 0-05 0-87 (0-31) 0-02 < P < 0-05 
0-88 (0-15) 
2 1} 164 — ~~ 3-27 (0-38) 
; 3 2 214 0-02 (0-16) Nil 3-13 (0-29) 
4 3 268 3-26 (0-30) 
5 4} 206 — 3-74 (0-21) 
6 4} 297 0-03 (0-26) Nil 3-27 (0-28) 
3-45 (0-21) 
7 6 286 2-35 (0-23) P < 0-001 3-96 (0-19) } P < 0-001 
8 1 88 0-44 (0-26) 0-10 < P < 0-20 3-65 (0-22) 
9 2 78 0-48 (0-21) 0:05 < P < 0-10 3-60 (0-27) 
10 6 100 1-15 (0:21). 3-48 (0-19) 
(0-22) 
11 10 85 1-28 (0-24) P < 0-001 3-20 (0-35) 
12 15 84 0-31 (0-19) 0:10 < P < 0-20 2-31 (0-33) 7 
13 29 89 0-33 (0-16) 0-05 < P < 0-10 2-19 (0-30) J 


* Insulin effects stated as mg glucose/g wet wt. tissue/hr; s.z. of mean in parentheses. 

+ Period stated-is the time elapsing from the time of injection of anti-insulin serum to 
the time of blood collection. The control sample was collected 16 min before injection of 
the normal serum. 


DISCUSSION 


The effects produced hs guinea-pig anti-insulin serum in the dog, pig 
and sheep are similar in many respects to those provoked in the rabbit, rat 
and cat (Armin et al. 1960a), but there are certain differences. Thus, only 
two of the three injected dogs (Fig. 1, Nos. 2 and 3) became hyper- 
glycaemic. The dog which did not respond (No. 1) had received no food 
for at least 24 hr before injection. In the rat fasting is known to reduce 
the initial rate of increase in blood-sugar concentration from 3-16 to 
1-78 mg/100 ml./min. The other two dogs had received liberal diets for at 
least 3 days before injection. In addition, these dogs were anaesthetized 
with barbiturate which, in the case of fasting but not of fed rats, reduced 
the rate of rise still further to 0-25 mg/100 ml./min. Thus, fasting super- 
imposed upon barbiturate anaesthesia may be responsible for the failure 
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of this dog to respond to anti-insulin serum. The reason for this is not 
known, but it should be remembered before any conclusions are drawn 
from similar experiments in which injected animals fail to respond. The 
pig and lamb were both well nourished and fed up to the time of the experi- 
ment. A second difference is that whereas the blood sugar concentrations 
increased. at similar initial rates (mg/100 ml./min) in injected conscious 
rats (3-16) and rabbits (3-04) and in the anaesthetized cat (4-0), slower rates 
were observed in the anaesthetized dogs (2:15 and 1-50) and pig (1-16) and 
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Fig. 3. Blood-sugar concentrations and insulin effects of diluted plasma and plasma 
extracts from a conscious Hampshire lamb injected with normal serum, and 
46 min later with anti-insulin serum sufficient to neutralize 1-5u. insulin/kg 
body wt. The numbers of the plasma samples (see Table 2) are shown above the 
insulin effects produced by them after dilution or extraction. . 


the slowest was found in the conscious lamb (0-67). Thirdly, the hyper- 
glycaemia provoked by comparable doses of serum injected into these 
three animals was more prolonged than that in the rat. A dose sufficient 


to neutralize about 1-5 un. insulin/kg body wt. produces hyperglycaemia - 
in the rat lasting about 55 min (Robinson & Wright, 1961), yet the larger 
animals were still markedly hyperglycaemic after 1-6 hr. The differences 
in response in these various animals may be due to differences in their 
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metabolic processes, their varying normal rates of insulin secretion or 
different degrees of endogenous insulin binding by the injected anti-serum : 
further investigations are required. 

The metabolic changes produced in mice (Moloney & Coval, 1955) and 
in rats (Armin et al. 19606) by the parenteral administration of guinea-pig 
anti-insulin serum in sufficient quantity are thought to be due to acute 
insulin deficiency produced by neutralization and hence inactivation of 
endogenously secreted insulin. Two pieces of indirect evidence support 
this hypothesis. First, it is known that such anti-insulin serum contains 
a substance with properties similar to those of an antibody (Moloney & 
Coval, 1955; Wright, 1960) which is capable of direct combination with 
the hormone (Robinson & Wright, 1961). Secondly, the syndrome it 
produces in rats (Armin e¢ al. 19606) is very like that described by Scow 
(1957) in the ‘totally’ depancreatized rat. Our new observations provide 
more direct evidence that, in the case of the lamb and the pig at least, 
injected anti-insulin serum neutralizes all biologically active insulin in the 
blood stream. 

A word must be said about the methods used here to assay insulin in 
the plasma. It has been suggested (Vallance-Owen & Wright, 1960; 
Wright, 1960a) that, when undiluted plasma is assayed by the rat-dia- 


phragm method, the insulin which is estimated is that which is freely — 


available to exert its biological actions. When the plasma is diluted 
fourfold or more, its total insulin content is measured; dilution probably 


releases loosely bound hormone. In the present experiments plasma was _ 


in short supply and was therefore diluted fourfold before assay. The assay 
values in this case, therefore, probably represent the total amount of 
insulin in the plasma which exists or can be released in a biologically active 
form by the simple process of dilution; insulin assayed in plasma by this 
method is therefore termed here ‘active insulin’. Assays were also carried 


out on plasma extracts, the method of extraction (Baird & Bornstein, 


1957) having been designed to extract any hormone in the plasma which 
may exist in a firmly bound and inactive form. Assays carried out on 
such extracts must therefore give a measure of the ‘total insulin’ in the 
plasma whether it exists in an ‘active’ or a bound inactive form. The 
method of insulin assay itself is known to be sensitive but is not considered 
to be very precise (Randle, 1956; Vallance-Owen & Wright, 1960). Undue 
emphasis should not be placed, therefore, upon the estimates of plasma- 
insulin concentration quoted below and calculated from the experimental 
observations in Tables 1 and 2. It could also be argued that this method 
of assay is not specific for insulin, but since some of the extracts were 
extremely active it was possible to show that most of this activity was 
probably. due to the hormone. One of us (Wright, 1959) showed that 
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guinea-pig anti-insulin serum will inhibit the stimulant effect of insulin 
upon glucose consumption by the isolated rat-diaphragm. One extract of 
lamb serum (Table 2, Extract No. 10) which had a strikingly high stimu- 
lant effect (insulin effect, 2-97 + 0-22 mg glucose/g/hr) was incubated with 
anti-insulin serum (Batch 34943; 2° v/v). Under these conditions the 
glucose consumption rate (3-05 +0-28 mg glucose/g/hr) was not signifi- 
cantly different from that of hemi-diaphragms incubated in the basal 
medium during the same experiment (2-78 + 0-10 mg glucose/g/hr). This 
evidence, taken alone, is not conclusive proof but it is strong presumptive 
evidence that the active material in these extracts was the hormone 
itself. 

In the case of the conscious lamb (Fig. 3; Table 2) which was studied 
more fully than the anaesthetized pig (Fig. 2; Table 1), most of the insulin 
circulating in the plasma before the injection of anti-insulin serum was 
present in the ‘active’ form (0-1 m-u./ml.); the ‘total’ insulin content was 
then 0-14 m-u./ml. Once the serum had been injected, however, ‘active’ — 
insulin disappeared within 2 hr, whilst the ‘total’ insulin content rose 
to a significantly (P < 0-001) higher level (0-88 m-u./ml.). This suggests 
that the injected serum rapidly Aound all the circulating insulin and all 
that the pancreas could secrete in response to the initial hyperglycaemia. 
No ‘active’ insulin was detected again until 6 hr after the serum injection, 
by which time the blood-sugar concentration had reached its maximum 
and presumably all the circulating guinea-pig serum had become saturated 
with bound insulin. The reappearance of ‘active’ insulin in high concen- 


. tration (0-4 m-u./ml.) preceded the fall in blood-sugar concentration to 


normal levels and thereafter essentially normal concentrations were 
found (0-05-0-20 m-u./ml.). The ‘total’ insulin content of the plasma did 
not, however, fall as rapidly; concentrations of the order of 0-7—2-7 m-u./ 


_ mil. were found up to 10 days after the injection of the serum. After this 
' the ‘total’ insulin contents (0-4 m-u./ml.) were comparable with that of 


an extract of plasma taken at the same times from this lamb’s twin, which 
had received no anti-insulin serum. This finding strongly suggests that the 
active component of the anti-insulin serum, probably an antibody of 
insulin, remains in an active form in tho blood stream for several days. 
Once saturated with endogenously secreted insulin, however, it does not 
appear to interfere with normal insulin action. These conclusions also 
appear to be applicable, in part at least, in the case of the anaesthetized Pig. 

A lack of species-specificity in the inhibitory effect of guinea-pig anti- 
insulin serum has been demonstrated in vitro (Wright, 1959; Robinson & 
Wright, 1961) and in vivo (Moloney & Coval, 1955; Moloney & Goldsmith, 
1957; Robinson & Wright, 1961). Berson & Yalow (1959), however, 
consider that the methods used in these experiments are too crude to 
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display fine differences in specificity. By their chromatographic-electro- 
phoresis technique they find that human anti-insulin serum binds bovine 
and sheep insulin slightly more strongly than it does pig and horse insulin. 


Further, in developing an immunological method of plasma-insulin assay, — 


they show that guinea-pig anti-insulin serum binds bovine insulin four 
times as strongly as it does human insulin (Yalow & Berson, 1960). The 
effects of active serum upon the actions of insulin extracted from the 
pancreas were examined in all the instances mentioned above, and it is 
known that the chemical compositions of the insulins extracted from the 
pancreas of the ox, horse, pig and sheep do differ slightly (Harris, Sanger 
& Naughton, 1956). It is not surprising, therefore, to find that at best only 
slight differences in immunological properties have thus far been reported 
in these instances. More important in the present context is the suggestion 
of Moloney & Coval (1955) that ‘native’ or endogenously secreted insulin 
may differ in its composition from ‘altered’ insulin extracted from the 
pancreas by means of acid-alcohol. The present results suggest that this is 
not so, for serum obtained from an animal treated with ‘altered’ bovine 
insulin not only inhibits the effects of ‘altered’ pig and sheep insulin in 
vivo (Moloney & Coval, 1955) and in vitro (Wright, 1959) but also neutralizes 
the endogenous insulin which these two animals secrete. Thus the ‘native’ 
insulins which they secrete are probably very similar in chemical com- 


position to one another, to ‘altered’ bovine insulin, and to ‘altered’ sheep . 


and pig insulins. The evidence obtained in previous experiments (Armin 
et al. 1960a) now makes it more likely that the endogenous insulins 
secreted by the rat, rabbit and cat will also prove similar in structure to 
one another and to endogenous dog, pig and sheep insulins. It remains to 
be seen whether human insulin, endogenous or extracted, differs more 
markedly in structure as the results of Yalow & Berson (1960) suggest. 


| SUMMARY 

1. Guinea-pig anti-insulin serum injected intravenously into two dogs, 
a pig and a lamb provoked hyperglycaemia; one dog did not respond, prob- 
ably owing to the combined effects of fasting and barbiturate anaesthesia. 

2. Insulin-like activity in diluted plasma and plasma extracts obtained 
from the lamb and the pig was assayed on the isolated rat diaphragm. 

3. It is concluded that, in the case of the lamb at least, injection of 
anti-insulin serum rapidly neutralizes biologically active insulin in the 
blood stream. The active hormone becomes again detectable when the 
injected serum has been saturated with bound insulin and then the blood- 


sugar concentration returns to normal levels. High concentrations of | 


bound inactive insulin, however, continue to circulate in the blood for 
days. 
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4, The relationship in different animals of endogenously secreted insulin 
to the insulin extracted from their pancreases is discussed. 
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THE EFFECT OF CARBACHOL ON THE PERMEABILITY OF 
DEPOLARIZED SMOOTH MUSCLE TO INORGANIC IONS 


By R. P. DURBIN* anv D. H. JENKINSON 
From the Department of Biophysics, University College London 


(Received 28 November 1960) 


Recent evidence, principally from electrical measurements, indicates 
that transmitter substances (e.g. acetylcholine) act at synapses by altering 
the permeability of the post-synaptic membrane to one or more inorganic 
ions. Such a mechanism was first proposed by Fatt & Katz (1951) to 
account for the depolarizing action of acetylcholine (ACh) at the end-plate 
region of skeletal muscle. The aim of the present work was to obtain more 
information about the nature of the change in permeability underlying 
the action of a stable analogue of ACh, carbachol, on mammalian smooth 
muscle. For this purpose, the movement of labelled inorganic ions was 
examined in preparations bathed in solutions containing sufficient 
potassium to depolarize the muscle fibres; the effects of carbachol on 


_ permeability could then be studied without the secondary changes in ion 


flux associated with the depolarization, and consequent increase in spike 
activity, which otherwise result from the action of the drug. A preliminary 
account of part of these results has been given to the Physiological Society 
(Durbin & Jenkinson, 1959). 


METHODS 


The taenia coli of the guinea-pig was used in these experiments, which were made at 
room temperature (20—23° C). The animal was killed by a blow on the head and the required 
amount of the taeniae excised immediately. It was found difficult to separate the muscle 
from the large intestine without removing at the same time some of the underlying tissue. 
Most of this was subsequently detached with fine scissors under a dissecting microscope. 


_ During dissection, the strips of taenia were bathed in a modified Krebs’s solution which had 


the following composition (mm): NaCl 133, KCl 5-6, NaHCO, 16, CaCl, 2-5, MgCl, 1-15, 
glucose 6, Na phosphates 0-5, and was bubbled with a gas mixture containing 95 % 0, and 
5% CO,. After preparation, the strips were stretched to approximately their in situ length 
on frames of stainless-steel wire. They were then placed in a solution in which all but 5 m™ 
of the NaCl had been replaced by K,SO,. It was found in preliminary experiments thxt 
immersion in potassium-rich fluids containing the full osmotic equivalent of the replaced 
NaCl caused the muscles to lose weight rather rapidly. For this reason, less K,SO, was 
included in the potassium-rich solution finally employed, which had the following com- 
position (mm); K,SO, 76, KHCO, 16, CaCl, 7-5, Na,SO, 2-5, MgCl, 1:15, glucose 6, Na 

* Established Investigator of the American Heart Association. Present address: Bio- 
physical Laboratory, Harvard Medical School, Boston 15, Mass., U.S.A. 
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phosphates 0-5. This was also bubbled with 95% O, + 5% CO, gas mixture, and was used 
throughout the present work, except in experiments with **Br, when 5 mm chloride was 
_} replaced by bromide. Strips of the taenia bathed in this solution maintained their weight, ' 
OF and responded reproducibly to carbachol, for many hours. 
_ Efflux experiments. It was important for the present work that any net movements of 
ions should have been largely complete by the time of application of carbachol. The pre- 
parations were therefore bathed in the potassium-rich solution for several hours before 
commencing the experiment proper. During part of this equilibration period tracer was 
included, care being taken to ensure that active and inactive solutions were of the same 
4 chemical composition. In experiments with **K or Cl, the preparations were loaded for 
1-4hr. Shorter loads (17-40 min) were employed in measurements with ®Br. 
In a number of experiments efflux of **K in exchange for inactive potassium was followed 
simultaneously with tension developed by the taenia. For this purpose the strip of muscle 


ates was mounted in a bath similar to that described by Born & Biilbring (1956). It consisted 
ring of a block of Perspex through which a horizontal channel, 4 cm long and 0-7 mm in diameter, 
ss had been drilled. One end of the strip was fixed at the beginning of the channel, the other 
— , being attached by silk thread to a mechano-electric transducer valve (RCA 5734), the 
) to output of which was fed, after amplification, to a pen recorder. An appropriate bathing 
late solution flowed past the muscle at approximately 1 ml./min and was collected in bottles 
nore which were changed at intervals of 2-8 min. The amount of solution in each was determined 
‘ by weighing, and 1 ml. samples taken for counting. At the end of the experiment, the 
yg activity of the muscle itself was determined, so that its tracer content at any earlier time 
ooth could be established. To prepare the muscle for counting, it was either dissolved in 0-25 ml. 
was of hot concentrated nitric acid, and the solution evaporated on a platinum planchette, or it 
sient | was heated with 0-5 ml. of 0-2 sodium hydroxide on a water bath for several hours, and the 
om fluid finally transferred to a nickel planchette. The latter procedure was used in experiments 
with **Cl] and ®*Br. 
| ion With “Ca and Cl the specific activity of the tracer used was so low that it became 
pike necessary to use most of the taeniae coli of one guinea-pig for a single measurement. In 
nary such experiments the strips (of total weight from 60 to 120 mg) were tied to stainless-steel 
3 frames as before, and the loss of the isotope was followed by moving the pieces as a group 
nety into successive test-tubes containing known volumes (1-1-3 ml.) of inactive solution. 
| Uptake experiments. To study the effect of carbachol on the uptake of labelled ions, strips 
of the taeniae from one guinea-pig were first separated into groups, each containing pieces 
chosen so as to be similar in size and shape. After dissection each group was carefully blotted 
de at and weighed as a unit. The strips were then attached to frames and equilibrated in the 
uired potassium-rich solution for at least 2 hr. Subsequent procedures varied. In some experi- 
wuscle ments with **K two groups of strips were exposed for a short time, usually 7 min, to separate 
issue. radioactive potassium-rich solutions, one of which contained carbachol. The muscles were 
cope. then transferred to inactive fluid, and the amount of radioactivity which each group had — 
n had acquired during the load period was determined in separate efflux measurements, as 
1:15, described in Results. 
2 and The foregoing procedure may involve an error if carbachol acts on the muscle membrane 
mgth before the full specific activity of tracer has been reached in the immediate vicinity ; a rather 
5 mM similar situation has been examined by Bianchi & Shanes (1959) in experiments to determine 
) that the effect of increases in the potassium concentration on the uptake of Wiens by skolehel 
laced muscle, Accordingly, in most experiments both groups of muscle strips were pre-loaded 
, was in radioactive potassium-rich solution for 2-3 min before exposure separately to either 
nen: another ‘control’ or to the ‘carbachol’ load solution. 
3, Na Measurement of radioactivity. Throughout this work radioactivity has been determined 
Bio by evaporating portions of active solutions in nickel or platinum planchettes and counting 


under an end-window G-M tube. The total weight of material on the planchette, including 
a disk of lens paper to promote even spreading, was held constant to avoid differences in 
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self-absorption. Count rates were corrected for background, which included that due to the 
“K of the potassium-rich solution used. An allowance for differences in back-scattering was 
made if nickel and platinum planchettes were used in the same experiment. 

The ‘isotopes used fell into two classes, the first having a short half-life and energetic 
radiation (Na, **K, **Br), the second a longer half-life and consisting of weak beta-emitters 
(“Ca, *Cl). Two isotopes, one from each class, were used in many experiments. In such 
‘double-tracer’ measurements, the activity of the short-lived isotope was first determined 
by counting through an aluminium absorber thick enough to stop beta radiation from the 
long-lived tracer. Later the sample was counted without absorber, after allowing sufficient 
time for the decay of the short-lived isotope. The success of the method depends on the 


_ freedom of the latter from long-lived radioactivity ; several consignments of #*K, supplied as 


K,CO, by A.E.R.E., Harwell, were found, in fact, to contain appreciable amounts of such 


@ contaminant (*S8). 


RESULTS 
Effect of carbachol on the efflux of potassium, bromide and chloride 
Preliminary experiments were made to determine the time course of loss _ 


of labelled potassium, bromide and chloride from isolated taeniae coli 
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Fig. 1. Time course of loss of **Br (A) and aK (B) from separate portions of taenia 
coli bathed in inactive potassium-rich solution, at room temperature. Semilog. 


bathed in the potassium-rich solution used throughout the present work. 
Examples of the results obtained are illustrated in Fig. 1. Except for the 
first half-minute or so, the curves could be described as the sum of two 
exponential terms: 

(1) 


where P is the tracer content of the muscle at any time, ¢, and A, B, ), 
and A, are constants. Values obtained for A, and, in a few cases, for A, are - 
listed in Table 1. After a few minutes the first term became unimportant, 
so that further loss of tracer followed a simple exponential law, as was 


found by Born & Biilbring (1956) for — of “K in taeniae coli bathed 
in Krebs’s fluid at ih C. 
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Carbachol consistently increased the rate of efflux, as is illustrated for 
#“K in Figs. 2 and 3 (lower section). (In Fig. 3, and in some subsequent 
illustrations, the rate of loss has been plotted in terms of a coefficient, r, 
defined as the proportion of tracer lost in unit time, averaged over each 
collection period, r can be regarded as a convenient empirical measure of 
efflux, the use of which enabled results obtained with different isotopes to 
be expressed on a common basis. It may be noted that r approximates to 
A, during the exponential phase of tracer loss.) 


TasBLE 1. Values of A, and A, (+8.E. of mean; no. of experiments in brackets) obtained in 
measurements of the rate of loss of **K, **Cl and ®*Br from the depolarized taenia coli, at 
room temperature 


Ton A, (min-*) A, (min-*) 
K 0-8, 0-7 0-012 + 0-001 (9) 
Cl 0-034 + 0-002 (4) 
Br 1-0, 1-0 0:040-+ 0-001 (5) 

x 104 | 
10 


} 


“2K content of muscle (counts/min) 
i 


30 40 50 60 
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Fig. 2. Effect of 3 x 10-? g/ml. carbachol (C) on loss of “*K, plotted as in Fig. 1. 
A convenient measure of the action is given by the ratio, R,, of the amounts of 
tracer represented by the distances ac and ab (see text). In this experiment R, had 
the unusually large value of 4-9. 


Carbachol also caused the muscle to develop additional tension (Fig. 3, 
upper section). This response to depolarizing agents applied in potassium- 
rich solutions has been described for other varieties of smooth muscle by 
Evans, Schild & Thesleff (1958), who also showed that, as in the polarized 
muscle, the contractures elicited by ACh were reversibly eliminated by 
atropine. An experiment to test this action on the. depolarized taenia is 
illustrated in Fig. 4. It can be seen that atropine (3 x 10~* g/ml.) almost 
abolished the increase in “K efflux produced by carbachol (3 x 10-7 g/ml.). 
The effect was only slowly reversible. 
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Tension (g) 


r(min~') 


30 40 50 60 
Minutes 
Fig. 3. Simultaneous determination of the effects of carbachol (3 x 10~’ g/ml.) on 
development of tension and on the rate of loss of “*K. From same experiment as 
Fig. 2. Ordinates of upper and lower graphs respectively tension (grams) and rate 
coefficient, r (min=*) defined as Ac/At.c,,, where Ac is the amount of tracer collected 
during a given period of duration At (indicated by the length of the horizontal bars), 
and c,, is the mean of the tracer contents of the muscle at the beginning and at the 
end of the period. Abscissa, time in min. 
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Fig. 4. Inhibition by atropine (3 x 10-* g/ml.) of the increase in “*K efflux produced | 


by carbachol (3 x 10-7 g/ml.). Plotted as in lower part of Fig. 3, but with the rate of 
loss of tracer indicated for simplicity by points drawn at times corresponding to 
midway in each collection period. The additional tensions developed in response to 
the successive applications of the standard dose of carbachol were 2-9, 0-2, 0-3 and 
0-8'g respectively. | 
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To enable experiments of the kind illustrated in Figs. 2, 3 and 4 to be 
compared, carbachol was always applied in a concentration of 3 x 10-7 ‘ml. 
for an arbitrary period of 7 min. A quantitative measure of the effect on 
ion flux was obtained by dividing the quantity of tracer lost during this 
standard application of the drug by the amount, estimated by extra- 
polation, which would presumably have exchanged had carbachol not been 
introduced (see Fig. 2). The average value of this ratio, R,, obtained in nine 
measurements of the effect of the standard application of carbachol on 
“K efflux was 2-32 + 0-35 (s.z. of the mean). 


R, may be expressed in terms of the rate constant, k, for exchange of tracer. To a first 
approximation, the loss of activity from the tissue is proportional to its tracer content, P: 


dP 


The application of carbachol results in an increase in the rate of loss (see Discussion), 
which may then be written 


| | 
= (k+ Ak) P, (3) 
where k + Ak is a composite rate ‘constant’ holding in the presence of the drug. However, 
the effect of carbachol on a whole muscle develops slowly and is not well maintained (Fig. 3), 
possibly owing to desensitization of the receptors (Katz & Thesleff, 1957). For this reason, 
and to enable the effects of carbachol on both inward and outward fluxes to be compared, 


it is convenient to introduce a quantity Ak, the average of Ak over the total time (from ¢ to 
t+ At) of application of the drug; 


t 
os. (4) 


It may be noted that Ak, being a time-average valuo, will underestimate the maximum 
extent of the increase in permeability. 
_ Equation (3) may then be integrated to give q 

AP’ = Ay, (5) 


where P’ and P’— AP’ are the tracer contents of the muscle at the beginning and end of the 
carbachol period. If the drug had not been applied, the loss of tracer would have been AP, 


where AP = P’(1—e-*44), (6) 
Dividing (5) by (6), we obtain 
AP’ 1 At 
AP ~~ 
Carbachol also increased the rate of loss of °*Cl and ®Br, as is illustrated 
in Fig. 5. R, was found to be, for *Cl, 1-33 + 0-08 (4 expts.) and for 
bromide, 1-36 + 0-05 (3 expts.). 


= R,, the efflux ratio as previously defined. (7) 


The effect of carbachol on wptake of potassium, bromide and chloride © 
If carbachol increases the permeability of the smooth muscle membrane, 
the rate of uptake of tracer from radioactive solutions should also be 
enhanced. This point was tested by briefly exposing two groups of strips 
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of taenia coli to separate load solutions which differed only in that one 
contained carbachol. The amount of tracer which had been taken up by 
each group was then determined, as illustrated in Fig. 6. The carbachol- 
treated muscles were found to possess more ivity. 


0:07 - 
0-06 
0-05 A 0-05 B 
0:04 =~ 
= 
© 003+ E 003+ 
002+ 0-02} 
Minutes Minutes 


Fig. 5. The effect of carbachol (3 x 10-7 g/ml.) on the rate of loss of *Cl (©) and 
42K (@) (A, ‘double tracer’ technique employed), and ®*Br (@) (B). Plotted as in 
Fig. 4. 


The effect on uptake can be expressed in terms of the rate of exchange, k, just as in output 
opines. For the control muscle, the rate of uptake of tracer is given by 


= k(P;—P), 8). 


provided that the extracellular spaces have the same specific activity as the load solution. 
(P, is the final steady state content of tracer, and other terms are as —,, defined). 
Thus the amount of tracer, AP, taken up from time ¢ to t+ At is 


(Py =P’) 


where P’ e activity of the muscle at time ¢. 
_ Thée-zptake, AP’, by the carbachol-treated muscle during the same period is 


where Ak is the time average of Ak, as before. Hence 
AP’ Ae At 
Ry (9) 


the uptake ratio. Thus experimental determinations of R, and R, should provide similar 
values (cf. equation (7)). 

In those experiments in which the muscles were ‘pre-loaded’ (see Methods) a correction 
was applied to allow for the fact that the carbachol-treated group were in contact with the 
_drug only during 7 min of the total period (8-10 min) in load. It was assumed that, to a first 
approximation, the uptake of tracer was proportional to the load time; thus, for example, 
if the pre-loading period was 2 min, and the total time in load 9 min, 2/9 of the uptake by 
the control muscle was subtracted from the amounts of tracer taken up by the carbachol- 
treated group and by the control. The ‘uptake ratio’ was then expressed as the quotient of 
the differences. 
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In six measurements of the effect of the standard application of car 
bachol on the uptake of “K, the mean value obtained for R, was 1-88 + 0-12. 
(In one of these experiments the muscles had been ‘pre-loaded ’, and in 
another, three groups of muscles were used, to check the validity of the 
correction described in the preceding paragraph; the values obtained were 
respectively 2-29 and 2-00, and have been included with the others.) In the 
remaining uptake experiments to be described, the ‘pre-loading’ technique 
was employed. : 


5000 
* 
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1000F 8 
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0 10 20 30 40 50 60 

Minutes 

Fig. 6. The effect of carbachol on the uptake of 7K. Two portions of the taenia have 
been exposed (without pre-loading, in this case) to separate load solutions, one of 
which contained carbachol (3 x 10-? g/ml.). After 8 min both groups were trans- 
ferred to inactive fluid and the loss of tracer was followed; the quantity remaining 
in each is shown as a function of time (cf. Fig. 1). The amounts which had been taken | 
up can be compared by extrapolating the linear parts of the curves to time of 
removal from the load, which contained **K 2-9 x 10* counts/min per pmole K. 


Semi-log. scale. 


Carbachol also increased the influx of labelled chloride and bromide. 
In four experiments with *Cl, Ry came to 1-38 + 0-10, and in three with 
“Br, 1-28+0-10. These figures, together with the corresponding efflux 
ratios, are summarized in Table 2. It can be seen that for a given ion, 
fk, and Ry agree within the error of the measurements. Table 2 also lists 


values for Ak, calculated, by equation (7), from the mean of Ry, and R, for 
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each isotope. The figures obtained are also in fair agreement. The possible 
significance of this is discussed later. 


It has been assumed in applying equation (7) to the experimental data that k, the rate 
constant for exchange of tracer, is given by A, (equation (1)). However, the two terms of 
equation (1) correspond to loss of tracer from interspaces and cells respectively only if these 
regions can be considered as being in independent equilibrium with the bathing fluid. In 
practice, it is likely that tracer from a proportion of the cells can gain access to the exterior 
only through the extracellular spaces, which thus have an appreciable specific activity. It 
can be shown that \, may then differ substantially from k, and A and B from the original 
tracer contents of interspaces and cells, respectively, especially if the tissue is thick and if 
there is a large concentration gradient between the intra- and extracellular fluids (Harris, 
1950). Under the conditions of the present experiments, however, the error introduced by 
equating k to A, will be small (probably less than 10%) since A, < A, (Table 1), and since 
it is likely that the concentrations of potassium, chloride and bromide ions in the interspaces 
and cells are of the same order. 


TaBLE 2. The effect of a 7 min application of carbachol (3 x 10-7 g/ml.) on potassium, 
chloride and bromide fluxes, expressed in terms of R, and R, (pp. 79 and 80). The corre- 
sponding values of Ak are also given (see text) 


Ton R, R, Ak (min-) 
2-32 + 0-35 1-88 + 0-12 0-014 
Cl 1:33 + 0-08 1:38 + 0-10 0-014 
Br 1:36 + 0-05 1-28 + 0-10 0-015 


4 Loss of labelled sodium and calcium from depolarized taeniae 


Before examining the effect of carbachol on the rate of movement of 
sodium and calcium, preliminary experiments were made to determine the 
time course of exchange of these ions. Figure 7 illustrates the loss of 
*4Na and “Ca from three portions of taenia coli which had been loaded 
for different periods. The shapes of the curves vary with the time of loading 
and differ markedly from those observed with potassium, chloride and 
bromide (cf. Fig. 1). 

Except for the first half-minute or so, the loss of tracer could be described 
as the sum of three exponential terms. In Fig. 7 the uppermost curves, 
which refer to the longest load times, have been drawn according to the 


expression P = Be! 4 C (10) 


whee P is the tracer content of the muscle at any time, and A, B and 
have the values (in counts/min/mg muscle) of 575, 360 and 11 (#4Na) and 
150, 67 and 18 (Ca). The corresponding values of A,, A, and A, were 0-26, 
0-086 and 0-0097 min-, for loss of “Na, and 0-21, 0-067 and 0-0061 min‘ 
for loss of “Ca. It was of some interest to compare values obtained for A in 
experiments with sodium and calcium on the one hand, and with potassium, 
chloride and bromide on the other. In the experiment of Fig. 7 the 
activity of the load solution was 1-34 x 10° counts/min/ml. (4Na) anc 
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_ terms in equation (10) cannot be taken to correspond with any certainty to — 
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4-28 x 10° counts/min/ml. (“Ca), so that the values of A corresponded to 
volumes which were respectively 43 and 35 ml. /100 g wet tissue. These 
figures, and others obtained in measurements of this kind, are similar to 
the values observed in experiments with labelled potassium, chloride and 
bromide (Table 3). It thus seems reasonable to identify the first term in 
equation (10) with loss of tracer from the interspaces. ee 


24Na (counts/min/mg wet tissue) 


1 150 50 
Minutes Minutes 

Fig. 7. ‘Double tracer’ experiment to demonstrate loss of “Na (A) and “Ca (B) 
from three portions of taenia from the same guinea-pig. The duration of the load 
period is given with each curve. 2-35 x 10° counts/min “Na corresponded to 
1u-mole sodium, and 5-7 x 10‘ counts/min “Ca to lyu-mole calcium in the load 
solution. Semi-log. scales. 


TaBLE 3. Values for A, and in a few cases for B, obtained on fitting equation (10) to the 
efflux of different labelled ions. Both quantities have been expressed as the equivalent 
volumes of load solution (ml./100 g wet tissue). A value for B has been given only if the load 


Isotope A B Isotope A 


eK 59, 39 32, 41, 53, 37 Ca ” 44, 32, 46, 44 
360] 43, 42 31, 47 4Na 37, 44° 
“Br 41, 39 


It can be seen from Fig. 7 that the tracer content of muscles which had 
been loaded for as long as 3 hr fell to less than 5% of the original value 
after only 1 hr in inactive solution. Thereafter activity was lost much 
more slowly, indicating that part of the sodium and calcium in the muscle 
is relatively inexchangeable under the present conditions. Because this 
component itself may well be non-homogeneous, the second and third 


loss of tracer from distinct compartments or fractions. 
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Effect of carbachol on efflux of sodiwm and calcium 


The results of experiments to test the action of carbachol on the rate 
of loss of *Na and “Ca are illustrated in Fig. 8. The effects observed 
were small and rather irreproducible. Because of the complexity of the 
efflux curves, no attempts were made to compute values for the efflux 
ratio, R,, as previously defined. Instead, the actions were expressed as the 
maximum difference, Ar,,, between the rate coefficient in the presence of 


Minutes 


Minutes 


Fig. 8. Effect of carbachol (3 x 10-7 g/ml.) on the efflux of “Ca (@, A) and “Na (O, 
B and C) from depolarized taenia coli. Plotted as in Fig. 4. 


carbachol,.and that, r, which would have held had the drug not been 
applied; e.g. in the experiment of Fig. 8(B), Ar,, came to 

0:15-0:12 = 0-03 min“. 
This value is listed in Table 4 together with others obtained in a series of 
experiments in which carbachol was applied at different times after 
removal of the taenia from the load solution, in an attempt to determine 


whether a particular phase of tracer exchange was affected by the drug. 
The results suggest that this was not the case. 


Effect of carbachol on the wptake of sodium and calcium 


Figure 9 illustrates a typical experiment to test the action of carbacho! 
on the uptake of “Na and “Ca by taenia coli. Because of the complex time 
course of exchange of these ions, it is difficult to make a direct comparison 
of the amounts of tracer taken up by the cellular material of the test and 
contro] muscles during the load period. Instead, the ratio of the total 
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tracer contents (per milligram wet tissue) of the two groups was computed 
for different intervals after the transfer of both from active to inactive 


solution. The mean values obtained in all experiments of this kind are 
shown plotted in Fig. 10. It can be seen that the carbachol-treated muscles 


contained more tracer than did the controls, from which it can be con- 
cluded that the drug affects the uptake of these ions. 


Taste 4. Effect of carbachol (3 x 10-7 g/ml.) on rate of loss of “Na and “Ca from the 
depolarized taenia coli. The time, ¢, from removal from load to the application of carbachol 
is listed in cols. 2 and 5 and the maximum increase, Ar,,, in rate coefficient in cols. 3 and 6. 
A — indicates a negligible effect : 


4Na 
2 3 4 5 6 
Expt. t (min) Ar, (min-!) Expt. t (min) Ar,, (min-) 
15 0-015 1 15 — 
2° 16 0-030 2 16 
3T 17 0-007 8t 26 _- 
4 18 0-009 9 33 — 
5 21 = 
6 46 
7 58 0-005 


* Fig. 8B; ¢ Fig. 8C; ¢ Fig. 84. 
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Fig. 9. ‘Double tracer’ experiment to test the effect of carbachol (3 x 10-’ g/ml.) 
on the uptake of “Na (A) and “Ca (B). Plotted as in Fig. 6. 4:20 x 10° counts/min 
*Na correspond to lu-mole sodium, and 4-10 x 10* counts/min Ca to 1u-mole 
calcium; it should be noted that in this early experiment the total calcium con- 
centration was maintained at 10 mm. The carbachol-treated muscles (©) have taken 
up.a slightly greater amount of both tracers than have the controls (@). Semi-log 
scales. 
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2:20r 
PX 
| 
“4:00 
0 20 40 60 


Minutes 
Fig. 10. Combined results of experiments (10 with “Na, 6 with “Ca) of the type 
illustrated in Fig. 9. The tracer contents of the carbachol-treated muscles have been 


divided by that of the controls, for various times after removal from load. Mean 
values, +8s.E. of means, plotted. 


The initial increases in the ‘content ratios’ plotted in Fig. 10 are most probably due to 
progressive loss of tracer from the interspaces. Carbachol would be expected to enhance only 
that fraction of the total uptake which is associated with the cells, so that the presence of ° 
appreciable quantities of tracer in the extracellular spaces of both the drug-treated and the 
control muscles will mask the effect. 


DISCUSSION 


The present experiments show that carbachol increases the permeability 
of the taenia coli of the guinea-pig to potassium, chloride and bromide ions. 


- Parallel studies of the action of the drug on the flux of sodium and calcium 


were complicated by the non-homogeneity, as indicated by the éxchange 
kinetics, of the muscle content of these ions. Harris & Steinbach (1956) 
have shown that frog skeletal muscle possesses sites which can bind sodium 
rather firmly, and other evidence suggests that the same may hold for 
calcium. If such sites occur to an appreciable extent in the taenia coli, 
it is possible that after a short period in inactive fluid, the rate of loss of 
*4Na and “Ca may be determined largely by desorption rather than by the 
permeability of the membrane. The failure to observe appreciable effects of 
carbachol on the efflux would not then be unexpected. However, this 
should not apply to the study of inward movement and in fact the uptakes 
_ of both sodium and calcium were enhanced by the drug, suggesting. 
although in a less conclusive manner, that the permeability to these ions is 
also increased by carbachol. | 
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The analysis made by Fatt & Katz (1951) of the end-plate potential of 
frog skeletal muscle showed that ACh acts as though it created additional 
pathways for the movement of ions through the post-synaptic region. 
These would appear to differ from the normal channels in at least two 
respects; they permit the comparatively free passage of sodium, potassium 
and possibly some other ions (but not apparently of chloride (Takeuchi & 
Takeuchi, 1960); however, see Nastuk (1959)), and they allow externally- 
applied current to pass in both directions with much the same facility under 
circumstances in which the conducting channels normally present in the 


’ membrane show marked ‘anomalous rectification’ (del Castillo & Katz, 


1955). This suggests that the ACh channels may be ‘in parallel’ with the 
others. It is of interest to express the present findings in terms of such a 
model. In all the experiments which have been described, the membrane 
was already depolarized by the application of potassium-rich fluids. It is 
then unlikely that the action of carbachol can give rise to an appreciable 
change in membrane potential, so that the additional ion flux produced by 
the drug might be expected to follow Fick’s law, and so could be written as 


AA.D 
V 


where D is the effective diffusion coefficient in the carbachol-operated 
channels (of area AA, and thickness x), and P is the tracer content and 
V the volume, of the muscle fibres. Writing AA. D/V .x as Ak, the action of 
carbachol may be considered to increase the rate of exchange of tracer from 
k.P to (k+Ak) P (cf. equation (3)). If the value of D is similar, or pro- 
portional, to that in free solution, the quantity AA.D/V.a will be sub- 
stantially the same for potassium, chloride and bromide ions. Experi- 
mentally determined values for Ak, and so most probably for Ak, would 
then be expected to agree, as is in fact observed (Table 2). Although this 
finding is suggestive, its significance can only be decided by similar 
measurements with other varieties of smooth muscle. It may be noted 
that there is already much evidence to suggest that the effect of ACh on the 


_ ionic permeability of some other tissues may be more specific. For example, 


Harris & Hutter (1956) have demonstrated a striking increase in the rate of 
potassium exchange in the sinus venosus of the frog in response to ACh, — 
but have not observed any comparable effect on the flux of sodium, chloride 
or bromide ions (personal communication).This difference in specificity 
most probably reflects the inhibitory action of ACh on the sinus (ef. 
Hutter, 1957). | 
Even when depolarized by immersion in potassium-rich solution, the 
taenia coli develops additional tension on the application of carbachol. The 
possibility arises that the observed changes in ion flux may have been 
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artifacts of the mechanical response, for example, due to ‘squeezing out’ 
of tracer from the extracellular spaces. However, the finding that inward 
and outward fluxes were increased to approximately the same extent 
suggests that this was not the case. Also, it was possible, by making a 
suitable reduction in the calcium concentration, to observe large effects 
of carbachol on ion movement in the almost complete absence of tension 
development. These experiments, which were made to obtain more in- 
formation about the mechanism of the contracture, are described more 
fully in the following paper (Durbin & Jenkinson, 1961). 


SUMMARY 


Ay idl aint have been used to study the effect of carbachol on the 
permeability of the taenia coli of the guinea-pig to inorganic ions. The 
preparations were bathed in potassium-rich solutions throughout in order 
to avoid secondary ionic movements associated with the changes in 
membrane potential which otherwise accompany the action of the drug. 

2. Carbachol increased both inward and outward fhixes of potassium, 
chloride and bromide ions, and caused the muscle to develop addi- 
tional tension. Both —" were reversibly abolished by atropine 
(3 x 10-* g/ml.). 

3. Similar experiments on “Na and Ca flux were complicated by the 
relative inexchangeability of part of the muscle sodium and calcium. 
However, the results suggested that carbachol also affects the movement 
of these ions. 


4. These findings support the hypothesis that depolarizing agents such 
as carbachol act by increasing the permeability of the muscle membrane to 
Inorganic ions. 


We are indebted to Professor B. Katz for constant help and encouragement, and to 
Mr J. L. Parkinson, Miss A. Paintin and Mr L. Ward for frequent assistance. 
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THE CALCIUM DEPENDENCE OF TENSION DEVELOPMENT 
IN DEPOLARIZED SMOOTH MUSCLE 


By R. P. DURBIN* anp D. H. JENKINSON 
From the Department of Biophysics, University College London 


(Received 28 November 1960) 


It is known that several types of smooth muscle contract on exposure 
to acetylcholine (ACh), even when depolarized by immersion in isotonic 
solutions of potassium chloride or sulphate (Evans, Schild & Thesleff, 
1958). The present study originated from the finding that the magnitude 
of this response was dependent on the calcium content of the bathing fluid. 
It seemed possible that this might provide a clue to the mechanism of the 
contracture, for there is evidence to suggest that tension development in 
the heart (Niedergerke, 1956; Liittgau & Niedergerke, 1958), and possibly 
in skeletal muscle (Bianchi & Shanes, 1959; Frank, 1960) is initiated by 
additional entry of calcium into the cells. If smooth muscle is similar in 
this respect, it is conceivable that the ACh contracture is a direct conse- 
quence of the action of the drug in increasing the permeability of the 
. membrane to calcium (Durbin & Jenkinson, 1961). It thus seemed of 
interest to examine the effects of a teduction in the calcium concentration 
on the magnitude of (a) the contracture and (6) the simultaneous increase 
in membrane permeability which follow the application of a stable analogue 
of ACh, carbachol, to a smooth muscle bathed in potassium-rich solution. 


METHODS. 


The iaiiainale were made at-room temperature (19-—23° C) with isolated portions of 
the taenia coli of the guinea-pig. For measurements of the rate of potassium exchange 
a strip of muscle was attached to a stainless-steel frame and exposed for several hours to 
a solution containing “K. It was then transferred to a continuously flowing stream of 
inactive fluid and the loss of tracer followed; the tension developed by the strip was recorded 
_ simultaneously by means of a transducer valve coupled to a pen recorder. Throughout such 
experiments the preparations were bathed in solutions containing for the most part potassium 
sulphate (76mm) and potassium bicarbonate (16mm). It should be noted that a con- 
siderable part of the total concentration (7-5 mm) of calcium normally included may have 
been in a combined form, because of binding by carbonate and by sulphate (Hill & Howarth. 
1957; Hodgkin & Horowicz, 1959). Further details of the composition of this and other 
solutions used, and of the procedure in tracer experiments, have been given in the peeenns 

paper (Durbin & Jenkinson, 1961). 


* Established Investigator of the American Heart Association. Present address: Bio- 
ye Laboratory, Harvard Medical School, Boston 15, Mass., U.S.A. 
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RESULTS 


The first experiments were made to determine the calcium dependence 
of the response of the taenia coli to prolonged depolarization by applica- 
tion of the potassium-rich solution used in much of the present work. 
A typical ‘potassium contracture’ is illustrated in Fig. 1. It may be seen 
that the tension first rose rapidly, and then fell more slowly to an inter- 


6r 


K+Ca 
Fig. 1, Mechanical response of the taenia coli to replacement of the Krebs’s bathing 
fluid by a solution containing 168 mm potassium and 7-5 mM calcium. Tsometric 
recording at room temperature. 


Fig. 2. Calcium dependence of ‘ potassium contracture’. In A, the muscle strip had 
been bathed for 15 min in calcium-free Krebs’s fluid. At first arrow, this was replaced 
by calcium-free potassium-rich solution. At second arrow, calcium chloride 
(7-5 mm) was added. In B, obtained using another strip, the reintroduction of 
calcium was preceded by the addition of 30 mm magnesium chloride. 


_ mediate level, hereafter referred to as ‘resting’ tension. This rarely declined 


further, and with some preparations tended to increase over a period of 
several hours. Its value was not affected by omission of the 5-7 mm sodium 
normally included in the potassium-rich fluid. 

On repeating the experiment of Fig. 1, but with Ca-free solutions, it was 
found that the ‘potassium contracture’ did not then occur. A similar 
observation has been'reported for frog skeletal muscle (Denton, 1948; 
Frank, 1960), for the heart (Niedergerke, 1956) and, most recently, for rat 
uterine muscle (Edman & Schild, 1961). Restoration of calcium, but not of 
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magnesium, was followed by an immediate contracture, as illustrated in 
Fig. 2. As might be expected, subsequent alterations in the calcium con- 
centration produced corresponding changes in ‘resting’ tension (Fig. 3a 
and 6). | 
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mm-Ca 
Fig. 3. (a) Calcium dependence of maintained phase of ‘potassium contracture’. 
Bathing fluid contained 168 mm potassium throughout; initial and final calcium 
concentration, 7-5 mm. (b) ‘Resting’ tension developed by another strip of the taenia 
coli as a function of calcium concentration. Values expressed as fractions of that in 
@ potassium-rich fluid containing 7-5 mm calcium. 


Calcium dependence of the response to carbachol . 

_ It has been shown in the preceding paper (Durbin & Jenkinson, 1961) 

that the taenia coli of the guinea-pig contracts in response to carbachol 
even when bathed in potassium-rich fluid; at the same time, an increase in 
the permeability to certain inorganic ions occurs. The experiments 
described in this section were made to determine the effects of changes in 
calcium concentration on these actions of carbachol. For this purpose the 
rate of efflux of “K in exchange for inactive potassium was taken as a 
measure of membrane permeability. 

A first experiment showed that 15 min after the introduction of a 
calcium-free solution both the increase in tension, and less expectedly, the 
change in permeability produced by a standard application of carbachol, 
had fallen reversibly to less than 5 % of the control values. The effects of 
intermediate reductions in the calcium content of the bathing fluid were 
then tested, as illustrated in Fig. 4, where it may be seen that there was 
little mechanical response to carbachol applied in a solution containing one 
fifth of the previous calcium concentration, although an appreciable 
increase in the rate of efflux of “K still occurred. The results of this and 
four other such experiments are listed in Table 1. Although the sensitivity 
to calcium varied considerably from preparation to preparation, the 
reduction in the contracture tension exceeded that. in the change in 
permeability produced by carbachol in every case. 
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Fig. 4. Effect of a reduction (from 7-5 to 1-5 mm) in calcium concentration on the 
increases in tension and in rate of exchange of labelled potassium produced by 
a standard application of carbachol (3 x 10-’ g/ml. for 7 min). Potassium concen- 
tration 168 mm throughout; tonicity of low calcium solutions maintained with 
sucrose. Upper and lower ordinates, respectively, isometric tension (g), and rate of 
loss of **K, measured as described in preceding paper (Durbin & Jenkinson, 1961). 


TaBLeE 1, Summary of five experiments of the type illustrated in Fig. 4. In each, a strip of 
taenia coli previously loaded with **K has been bathed successively in inactive potassium- 
rich solutions containing the concentrations of calcium listed in columns 1, 2 and 3. Carbachol 
(3 x 10-"g/ml.) was applied in each solution, and the corresponding tension responses are 
listed in columns 4, 5 and 6 respectively. Columns 7, 8 and 9 give the simultaneously measured 
increases in the rate of loss of #*K, expressed in terms of R,, as defined in the preceding 
paper (Durbin & Jenkinson, 1961). For comparison, the effects on tension and *K flux 
produced by the standard concentration of carbachol when applied in low calcium solutions - 
have been expressed as percentages of the mean values of the controls in columns 10 
and 11 respectively ) 


1 2 3 Sood 6 7 8 9 10 1] 

Ca] (mm AT R % y, 

1 35 0-70 7:0 0-7 O1 0-7 17. 33 18 14 72 

2 75 0:20 7-5 29 025 2-7 20 O58 26 9 22 

3 75 0:85 7:5 35 0:05 3-2 51 17. 56:0 15 34 

4* 75 1:50 7:5 1:25 0-20 1:2 22. 16 23 16 71 

5 75 023° 7-5 315 0-15 28 2:2 095 2-7 5 39 

* Fig. 4. 
DISCUSSION 


The necessity of calcium for ‘potassium contractures’ of the taenia coli 
of the guinea-pig, and of the uterus of the rat (Edman & Schild, 1961), 
suggests that calcium plays an important part in the mechanical response 
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of these varieties of smooth muscle. Further evidence on this point has 
recently been obtained by Axelsson & Biilbring (1959), who have shown 
that as with heart muscle (Mines, 1913), the response of the taenia to 
propagated action potentials may be abolished by a suitable reduction in 
the external calcium concentration. In general, the actions of calcium on 
the taenia and on the heart are so similar that it seems reasonable to 
suppose that the process whereby contraction is activated is the same, and 
is initiated by a net movement of calcium from a superficial to a deeper 
part of the cell, as proposed by Liittgau & Niedergerke (1958) on the basis 
of experiments with ventricular muscle (cf. Niedergerke, 1959). Such an 
influx of calcium may arise in different ways; Liittgau & Niedergerke 
suggested that depolarization may cause heart muscle to contract by 
altering the distribution in the membrane of a negatively charged complex 
which acts as a ‘carrier’ for calcium. In the present experiments, however, 
the muscle fibres were already depolarized, so that it is improbable that 
this process can have contributed greatly to the contractures evoked by 


carbachol. A more likely explanation is to be found in the action of the | 


drug in increasing the permeability of the membrane to calcium. This 
would give rise to a net influx, and so presumably initiate contraction, 
provided that a concentration gradient existed across the membrane. 
Although direct evidence for a low internal concentration of unbound 
calcium has so far been obtained with only one excitable tissue, the giant 
axon of the squid (Hodgkin & Keynes, 1957), it seems likely that this may 
be a rather general phenomenon; Gilbert & Fenn (1957) have shown that 
skeletal muscle can maintain the intracellular calcium concentration 
against an electrochemical gradient, probably by ‘active transport’. 

On this view the size of the carbachol contracture might be expected to 
vary with (a) the concentration gradient for calcium and (b) the extent 
of the increase in permeability. The finding that the effect of carbachol on 
ion flux is itself calcium dependent suggests that reductions in both (a) 
and (b) contribute to the failure of the mechanical response which occurs 
in solutions containing little calcium. However, the fall in (a) appears to be 
the more important factor, for it was possible, on suitably lowering the 
calcium concentration, to observe a relatively large action of carbachol on 
permeability, in the almost complete absence of tension development. It 
had been hoped to obtain more exact information on this point by using 
“Ca to make direct measurements of the effect of carbachol on the move- 
ment of calcium. Although the expected increase in uptake was observed, 
as descrjped in the preceding paper (Durbin & Jenkinson, 1961), the com- 
plexity of the kinetics of exchange in this tissue made it difficult to study 
the effect quantitatively. It is possible that other varieties of smooth 
muscle may prove more satisfactory for this purpose; Robertson (1960) 
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has reported in a preliminary communication that ACh markedly increases 
the uptake of “Ca by depolarized longitudinal muscle from the ileum of the 
rabbit. | | 

The rather variable effect of a reduction in the concentration of calcium 
on the permeability change produced by carbachol was of interest as it is 
known that the actions of ACh in depolarizing the end-plate region of 
frog skeletal muscle (del Castillo & Stark, 1952), and in increasing the 
ionic permeability of denervated muscle from the diaphragm of the rat 
(D. H. Jenkinson & J. G. Nicholls, unpublished observations), are not 
calcium dependent. This may reflect some difference in the receptors of 
smooth and skeletal muscle, but this can only be decided by a more 
detailed study of the actions of ACh and carbachol on these tissues. 


SUMMARY 
1. The mechanical responses of the taenia coli of the guinea-pig both 
to replacement of the Krebs’s bathing fluid by potassium-rich solutions, — 
and to subsequent applications of carbachol, are abolished in the absence 
of calcium. | 
2. Carbachol becomes less effective in increasing the membrane 
permeability of the depolarized taenia when the calcium content of the 


bathing fluid is lowered. However, over a certain range of calcium con- 


centrations, the reduction in the accompanying contracture is greater, 
so that the two actions of the drug can be almost dissociated. 

3. These findings are discussed in relation to the hypothesis that the 
carbachol contracture of depolarized smooth muscle is a consequence of 
net movement of calcium into the cells, following the increase in 
permeability produced by the drug. 


We are indebted to Professor B. Katz for constant help and encouragement and to 
Mr J. L. Parkinson, Miss A. Paintin and Mr L. Ward for frequent assistance. 
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THE SELECTIVE APPETITE FOR Na+ SHOWN 
BY Nat-DEFICIENT SHEEP 
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In view of the importance of Na+ equilibrium to normal function of 
higher species, an innate behaviour pattern promoting its intake in the 
face of deficiency could give an important survival advantage to the 
organism. Richter (1956) has shown that young rats, for whom their 
mother’s milk has been the sole source of nourishment, consistently showed 
an active appetite for NaCl when confronted with it for the first time. 
He states that with mammals there is a universal liking for NaCl, and he 
considers this to be indicative of an inherited behaviour pattern which has 
conferred survival advantage. This primitive attraction for salt was modified 


_ by metabolic conditions, as is evidenced by the increased intake of NaCl 


solution which occurred when NaCl loss was caused by adrenalectomy. 

Previous publications from this laboratory have described the prepa- 
ration and maintenance of sheep which have a permanent unilateral 
parotid fistula (Denton, 1956, 1957a; Denton, Goding & Wright, 1959), and 
lose 1-4 1./day of alkaline parotid saliva containing 170-680 m-equiv of 
NaHCO,. An animal prepared in this manner is an excellent subject for 
the study of physiological adaptations in the face of a controlled and 
precisely defined stress on the milieu intérieur. This paper reports experi- 
ments on the voluntary intake by sheep of Na-containing solutions, and 
the effect-of Na+ deficiency caused by loss of saliva on this voluntary 
intake. 

METHODS | 

Twenty sheep of Merino or Merino cross-breeds were used. Six were ewes, the remainder 
were wethers, They were 1-7 years old. Apart from the normal sheep in Table 1 all had . 
Wright-type permanent unilateral parotid fistulae and ipsilateral carotid artery loops, 
A number had contralateral carotid artery loops also. Three sheep, T.P. 1, TP. 4, and 
T.P. 12, had the left adrenal gland transplanted to a combined carotid-artery—jugular-vein | 
skin loop in the neck (McDonald, Goding & Wright, 1958) and the right adrenal gland 

Most of the sheep were purchased from sale yards, and their previous history was un- 
known in relation to the possibility of access to salt licks or to bore water containing salt. 


The animals were kept in stainless-steel metabolism cages which effectively separated excreta, 
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and permitted collection of uncontaminated specimens of urine, saliva and faeces (Denton, 
1956). In experiments where electrolyte analyses were made on the saliva each day, the 
anterior compartment was washed daily with distilled water, and, in the case of external 
electrolyte balance studies, these washings were analysed also. Sheep were fed daily on 
0-8—1 kg of a mixture of equal parts of oaten and lucerne chaff. This food was mixed so as 
to give large batches of uniform composition and was analysed at intervals. Thus the Na* 
intake from food was known and was approximately 100 m-equiv/day. For external 
electrolyte balance studies several food analyses were made in the course of the experiment, 
and the mixing was very thorough. 


TABLE 1. Voluntary intake of various electrolyte-containing solutions and water 
by normal sheep, and sheep with a unilateral parotid fistula 


Total 


No 


Name of 
sheep 
Dido 


Lucy 
Dolly 
Edward 


Fred 


Fido 

Disraeli 
Charlie 
Fraser 


Cassie 


of Water NaCl NaHCO, KCl volume Na*/ volum 
Experimental conditions days (L/day) day  (I./day 
Normal 16 0-91 0-51 0:28 0-06 1-76 332 
1 hr/day 9 — 0-08 0-04 50 
Normal 5 0-68 0-39 0-45 0-02 1-54 353 
Normal 10 1-40 0-83 0-88 0-65 3-76 718 
Normal 0-77 0-71 0:22 0-28 1-98 391 
Normal 13 1-55 0-77 0-02 0-03 2-37 323 
1 hr/day 8 0-18 0 76 
‘Normal 5 1-24 1-11 0 0 2-35 466 — 
Normal 1-81 0-88 0-74 (not 3°43 680 — 
offered) 
5-10 days post-op. 5 0-24 0-37 1:31 a 1-92 706 — 
Normal 6 0-67 0-10 0-01 0-97 1-75 46 — 
17-25 days post-op. 8 0-95 0-48 0-27 0-99 2-69 305 ()-81 
Normal 15 1-01 0-51 0-26 0-38 2-16 323 _ 
15-20 days post-op. 5 2-19 0-24 0-75 0-32 3°50 416 1-67 
Normal 8 1-99 0-11 0-01 0-O01- 212 50 _ 
1-7 days post-op. 6 2-77 0-05 0-66 0-02 3°50 298 1-86 
Normal 8 1-71 0-14 0-08 0-08 2-01 92 on 
5-10 days post-op. 5 2-11 0-23 0-55 0-11 3:00 328 2-21 
Normal 13 0-67 0-42 0-24 0-38 1-71 277 _ 
11-14 days post-op. 3 1-53 0-46 0-12 0-58 2-69 244 1-49 
21-27 days post-op. 6 1-25 0-39 0-53 0-62 2-79 386 1-33 
10 months post-op. 4 443* 


Average voluntary intake (I./day) m- 


equiv 


Saliva 


* NaHCO, only available. 


Solutions. Analytical reagent standard chemicals were used to make the solutions of 
electrolyte offered the animals. The appropriate amount was weighed out, and dissolved 
in tap water. The solutions were offered to the animal in stainless-steel bins, 30 em x 20 em x 
15cm. Each cage had an opening 45 cm long and 30 cm high at the anterior end on each 
side and two bins containing fluid could be attached to the outside on each side. The front 
door of the cage had a hinged flap 38 cm wide and 21 cm high and this was raised and the 
food bin attached in this position. With experiments lasting some weeks when four fluids 
(H,O and solutions of NaCl, NaHCO,, and KCl) were offered to the animal each day, tho 
four places on the cage were numbered, and the position of the fluids was varied randomly 
on the basis of tossing two coins. The same amount of fluid was placed in each tin, and 
usually the volume was 3-41. The evaporation from the tins under summer conditions was 
approximately 50-100 ml./day. For this reason, solutions which were untouched or partly 
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drunk, and had been made up to original volume by addition of stock solution were dis- 
carded every third day. Specimens were taken from the bins at intervals and analysed to 
confirm the accuracy of the concentration. In experiments where the animal had access 
to the solutions for 1 hr only each day evaporation did not have to be taken into account. 

Methods of observing behaviour. In some experiments the animals had access to food and 
various solutions continuously. In others the animal had access to the solutions for 15— 
60 min only at a standard time on the experimental day. In these circumstances the ob- 
server sat about 8 ft. (2-4 m) from the cage and recorded the animal’s sarnpling behaviour. 
About 15 min before the sampling experiment two large steel sheets were hung on the inner 
sides of the cage, so that the animal was unable to see or explore the solutions as they were 
placed in position. At zero time the guards were removed and any of the following acts 
were recorded as a sampling ‘episode’—dipping the head into a tin, dipping the jaw in 
the solution, taking the solution in the mouth, or drinking the solution. The number of 
episodes during the period of access was recorded. Under some conditions behaviour could 
be recorded satisfactorily by a shorthand notation, but under others the rapidity of move- 
ment and sampling required that the observer quietly described proceedings into the micro- 
phone of a tape recorder. The typewritten record of the episodes was then completed for 
time sequence by running the original tape record with a stop-watch. In the experiments 
where rate of drinking was measured, the act was timed with a = -watch and the container 
removed, weighed quickly, and returned to its position. 

Sometimes it was of interest to determine the preference of a sheep for a particular 
solution without allowing it to drink enough to alter its state of balance. Two cups, 10 em 
in diameter and 5 cm deep were set 2:5 cm apart on a small tray which had a handle 43 cm 
long. At zero time the front door of the cage was opened and the animal had access to 50 ml. 
of solution in each cup. In the appropriate circumstances the animal would smell or taste 


one solution and reject it whereas it avidly drank the other and licked the cup. 


Saliva secretion rate was measured over short intervals by counting the drops of secretion 
as they fell from the dependent point of the Wright fistula. The sheep, P.F. 33, P.F. 48, 
Ned and T.P.12, which were used for experiments involving detailed observation of — 
sampling behaviour, had all been in the laboratory for 1-3 years and were thoroughly 
accustomed to having members of the laboratory in their immediate vicinity for many hours 
each day. They were confident and apparently quite undisturbed by any procedure involved 
in these experiments. 

Chemical methods were those described by Denton (1956). 


t 


RESULTS 
The voluntary intake of electrolyte containing fluids by normal shine 


This was observed in ten sheep. They were offered four fluids (water, 
(420 m-equiv/l.) and KCl (130 m-equiv/l.)). The 
solutions were available all day, the position being varied randomly each 
day. The sheep were given their fixed ration at the same time each day, 
providing a Na intake of 50-100 m-equiv/day. Usually the animals were 
offered water in all four tins for 5-10 days before the observation period 
began. 

Table 1 shows the voluntary intake of the ten normal sheep. All the 
animals drank some Nat-containing fluid, and with one exception (Lucy) 
there was a preference for NaCl over NaHCO,. The average daily Na intake 


in different sheep varied from 46 to 718 m-equiv. Sometimes, but not 
7-2 
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invariably (Figs. 1 and 2), the main intake was in the first days of the 
period, the amount being reduced after initial drinking episodes on the 
first 1 or 2 days. Urinary analyses were made in some animals and showed 
a substantial Na excretion. In the case of Lucy Na excretion exceeded 
1000 m-equiv on some days. With the exception of Fido and Lucy, little 
KCl solution was drunk. In two sheep, after the control period, the 
electrolyte solutions were made available to the sheep for 1 hr/day only. 
The intake observed was small. 


Salivary Na+:K*+ ratio 


Voluntary Na intake (m-equiv/day) 


Fistula operation 


2 4 6 8. Wi 
Days 


Fig. 1. Charlie, Merino wether. The voluntary daily intake of solutions of NaHCO, 

(m@ 420 m-equiv/l.) and NaCl (§ 420 m-equiv/l.) before and after the establish- 

ment of a permanent unilateral parotid fistula. The Na+:K* ratio of the parotid 

saliva is shown also. KCl (140 m-equiv/l.) was offered concurrently but there was 
_ little or no intake (Table 1). These solutions and water were available all day. 


With Charlie (Fig. 1), the behaviour before operation was examined in 
some detail. After an intake of NaCl when the solutions were offered first. 
the animal showed little interest in the electrolyte fluids. On one occasion 
during this pge-operative period the animal had no access to any fluid for 
48 hr, and it was obviously thirsty at the end of the period. It was offered 
various solutions on the ‘preference tester’ (see Methods). On the first 
trial, NaHCO, and H,O were offered. It encountered NaHCO,, tasted it 
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and passed quickly to the other tray where it found water which it drank. 
Eleven tests were made and it drank H,O whenever this was included but 
rejected NaCl, NaHCO, and KCl. Despite variation of position of various 
solutions offered, it appeared that after initial testing the sheep could 
identify the solutions on smell alone in the subsequent tests, and would, 
after moving its head across the tray, proceed immediately to water and 
drink. This animal began to drink NaHCO, on the first day after a parotid 
fistula operation, having shown no interest in it during the pre-operative 


period. | 
20- 


saliva (I./day) 


Volume of 


Na+:K*+ ratio 


Volume Na intake (m-equiv/day) Parotid salivary 
Parotid fistula operation 


Fig. 2. Fraser, Merino wether. The voluntary daily intake of solutions of NaCl 
and NaHCO, before and after establishment of a permanent unilateral parotid 
fistula. The volume of saliva secreted each day, and the parotid salivary Na+: K+ 
ratio are shown also. The conditions and symbols similar to those for Fig. 1. 


The voluntary intake by sheep with parotid fistula 
In six sheep of Table 1 a parotid fistula operation was carried out, and 
the effect of saliva loss on the voluntary intake of the solutions was 
compared with the initial period. Figures 1 and 2 show the effect of the 
parotid fistula on the daily intake of two of the sheep. In no case was the 
daily saliva loss large (i.e. more than 21. = a Nat loss of ca. 300 m-equiv/ 
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day). Where the pre-operative Na intake was small, there was a significant 
post-operative increase. In four of the six animals there was a clear post- 
operative preference for NaHCO, over NaCl—a more appropriate choice 
in the face of the NaHCO, loss from the fistula. With the two which did 


not show the preference the volume of fistula loss was small. Further — 


observations recorded in sections below confirm a clear-cut preference 
for NaHCO, by sheep which lost a large volume (3—4-51. daily) from a 
parotid fistula. The salivary Na+: K+ ratio analyses in Figs. 1 and 2 show 
that the animal’s voluntary intake was inadequate to prevent some 
degree of Na+ deficiency during some periods; the normal Nat: K+ ratio 
of a Na*+-replete sheep is 20-30. 


The effect of variation of concentration of NaHCO, solution on the 
amount of voluntary intake 

This experiment was made on three sheep with parotid fistulae (P.F. 33, 
T.P.1, and T.P. 4). All three secreted large volumes of saliva (3—4-5 1./ 
day). They had been in the laboratory for 2-4 years and until 2 months 
before this experiment were maintained in normal Nat balance by giving 
_ 600-830 m-equiv of NaHCO, dissolved in 1-5 1. of H,O each day by rumen 
tube. One of them, P.F. 33, had experience of self-selection procedures 
during this time under conditions where the daily intrarumenal supplement 
was withheld. During the 2 months before the experiment the sheep had 
been offered 21./day of a NaHCO, solution (300 m-equiv/l.) instead of 
being given Na by rumen tube. They maintained themselves in good 
condition on this régime. In the experiment described here the sheep were 
given 0-8 kg/day of the usual diet (ca. 100 m-equiv Na/day) and had free 
access to water. They also had access to a large volume of NaHCO, solution, 
the concentration of which was varied at 3-10 day intervals. Allowing 


the Nat content of food, the net negative Nat balance caused by the 


fistula would have been 400-580 m-equiv/day. 

Figure 3 shows the experiment on T.P. 4. Following the long period of 
access to NaHCO, at 300 m-equiv/l., T.P.4 was offered 950 m-equiv 
NaHC0O,/l. for 2 days. It drank 0-7 and 0-441., ie. 665 and 420 m-equiv 
Na. On the third day the concentration was changed to 119 m-equiv/l. 
and the animal drank 4-861. = 583 m-equiv of Na on this day. The 
average intake for the period of 10 days with this concentration was 
535 m-equiv/l. and the adaptation to this large change of concentration 
was made during the first day it was offered. During the next 10 days 
the concentration was 238 m-equiv/l. and the average Na intake was 616 m- 
equiv. In this instance the adaptation to change was slower, the average 
intake for the first 3 days being 794 m-equiv/day. At 476 m-equiv 
NaHC0O,/1. the average daily intake of Na was 428 m-equiv, and when the 
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concentration was increased again to 952 m-equiv/l. the average daily 
Na intake was 350 m-equiv. In both instances the animal adjusted the 
volume drunk to the concentration on the first day of change. After a 
further period of 7 days with concentration at 476 m-equiv NaHCO,/l., 
476 m-equiv of NaHCO, was added each day to the sheep’s food. As 
Fig. 3 shows, it drank practically no NaHCO, solution after the first day. 


Average for each period (m-equiv Na/day) 
64945535 615 430 350 460 38 


| 


6 m-equiv NaHCO,/day added to food 


Voluntary intake of NaHCO, solution (I./day) 


952 952 


(m-equiv/I.) 


8888 


Concentration of 
NaHCO, solution. 


T 
10 20 30 40 50 
Days 


Fig. 3. T.P. 4, Merino wether. The volume drunk each day of a solution of NaHCO,, 
the concentration of which was varied as shown in the lower section of the figure. 
Water was available continuously. The average intake (m-equiv Na/day) for _ 
each period is shown also at the top of the figure. After 50 days, 476 m-equiv of 
NaHCO,/day was added to the food. 


Table 2 summarizes the experiments on two other sheep. PF. 33 was 
able to adjust intake to change of concentration but the adaptation was 
not made always on the first day of change of concentration. With T.P. 1, 
in two periods the intake exceeded considerably the daily loss of Na* from 
the fistula. 

Summarizing, this series of experiments showed that the animals drank 
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voluntarily an amount of NaHCO, solution which approximated to the 
loss each day from the fistula. They were able to do: this in the face of 
variation in concentration of solution offered and, in many instances, they 
adapted to a change of concentration immediately (i.e. during the first 


day the change was made). It appeared as if the sheep were able to— 


‘multiply volume by concentration’, which provoked interesting questions 
concerning the exact sampling behaviour of the animals. The next section 
and a subsequent paper deal with some aspects of this question. 
TaB.E 2. Voluntary daily intake, by sheep with permanent unilateral parotid fistulae, 
of NaHCO, when offered in different concentrations 
Average volume Average Na 


No. of days NaHCO, concn. intake 
Sheep offered (m-equiv/1.) . (1./day) (m-equiv/day) 
P.F. 33 9 238 2-13 507 
ll 476 1-21 576 
11 952 666 
9 119 ' 4:77. 568 
5 952 1-13 1076 
7 ‘119 4:46 531 
10 238 1-95. 464 
12 476 0-77 366 
9 952 0-52 495 
17 476 1-96 932 


Vesuatory intake when Na solutions were avatlable 
for one hour a day only 


In this series of experiments water and food were available continuously 
to the animal. At the same time each day the solutions were presented for 
a period of 15-60 min only and, immediately following the test period, 
saliva and urine of the preceding 24 hr were taken for analysis. A feature 
of these experiments was the excitement and anticipatory behaviour of the 
sheep as. the usual procedures indicating presentation of the Na+ solutions 
were carried out. The degree of urgency shown by the animal was related 
to the degree of depletion, and the motor behaviour (foot stamping, etc.) 
was associated with a variety of visceral responses including salivary 
conditioned reflexes (Denton et al. 1960). During the period of access the 


number of episodes of sampling solutions, and the exact sequence of 


smelling and tasting them were recorded. 

Experiments were made on P.F. 33, P.F. 40 and P.F. 43. Four randomly 
placed solutions (water, NaCl and NaHCO, (420 m-equiv/l.) and KCl 
(134 m-equiv/l.)) were available to the sheep for 1 hr only. Intake was 
observed during control periods when the sheep received 595-830 m- 
equiv/day of NaHCO, by intrarumenal tube and during Na+ deficiency 
_ produced by withdrawal of this supplement. With P.F. 33 the voluntary 
intake during Nat-replete stage was negligible (4 m-equiv Na during the 
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hour each day) and during the 7 days of depletion averaged 298 m-equiv 
of Na during the hour each day with a clear preference for NaHCO,. The 
average number of sampling episodes involving the Na containers was 
5 in the hour during the control period, whereas during deficiency there 
were 30-40 episodes in the hour. However 75% of the voluntary intake 
occurred in the first 5 min. Following readministration of the Na supple- 
ment, voluntary intake and interest in the solutions declined precipitately 
and the animal sometimes did not sample any solutions until 8-27 min 
after the observation hour had begun. The results with P.F. 40, and P.F. 43 
which had had no experience of self-selection procedure before the experi- 
ment, were similar except that the intake of P.F. 43 was entirely as NaCl. 

A further experiment: including an external electrolyte balance was 
made on P.F. 33, lasting 34 days during which the solutions were offered 
in four ways: 


(1) For the first 7 days water, NaCl, NaHCO, and KCl solutions were 
available all day and the average voluntary Na+ intake was 602 m-equiv/ 
day. Allowing for the Na content of food (116 m-equiv/day), the total 


Na intake approximated Na output. The salivary Na loss was 676 m-equiv/ 


day, the urinary Na loss was 22 m-equiv/day and faecal loss was 3 m- 
equiv/day. The voluntary Na+ intake was almost entirely of NaHCO,. 


(2) For the next 7 days, when the solutions were available each day for 


_ Lhr, the average voluntary Na intake was 560 m-equiv in that hour. It 
mainly NaHCoO,. 


_(3) In the next 8 days, when the solutions were available for 1 hr only on 


every second day, the average voluntary intake was 878 m-equiv in that 
hour. Approximately one third of this intake was as NaCl. The average 
amount by which Na loss in the : days exceeded food intake was 930 
m-equiv. 
(4) In the final period of 6 days, when the solutions were available for 
1 hr on every 3rd day, average intake was 1137 m-equiv in that hour. 
Equal amounts of NaCl and NaHCO, were drunk. The average amount 
by which Na loss had exceeded intake by this third day was 1070 m-equiv. 


Voluntary Na+ intake in relation to Nat balance when concentration 
of Na* solution was varied 

Figure 4 shows another experiment on P.F. 33 under different conditions. 
Water was available continuously throughout the experiment. ‘The animal 
was fed at the same time each day. Saliva and urine were collected im- 
mediately following the test period when NaHCO, solution was offered 
for 1 hr each day, but the concentration of the offered solution was 
different in periods 6, c, d, e of Fig. 4. 
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Fig. 4. P.F. 33, Merino cross-bred ewe. The top section records the parotid salivary 
Nat:K*+ ratio (O— ©) and the urinary Na excretion per day (x—-—-—x). The 
second section records the cumulative Na+ balance. The solid line ( x — O) records 
the change of balance (m-equiv Na/day) and the interrupted line (O---x) 
records the change in balance produced by voluntary intake durin g the hour when 
access to NaHCO, was permitted. The average salivary volume per day for each 

' period of the experiment is shown also. The third section shows the voluntary intake 
of Na+ when the animal had access all day, and (thin column) when there was 
access for 1 hr only. The number of sampling episodes during the hour of access 
(O — CO) is shown also. The bottom section records the concentration of the NaHCO, 
solution which was offered. Water was available continuously. 
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For some months before the experiment the sheep had been maintained 
on a régime involving access to 2 1./day of a solution of NaHCO, 300 m- 
equiv/l. It usually drank the lot each day. During the 6-day control 
period (a in Fig. 4) the average intake of the solution continually offered, 
containing 238 m-equiv/l., was 970 m-equiv Na/day. The average saliva 
volume, 3°68 1./day, involved a daily loss of 680 m-equiv of Na. Hence 
the voluntary daily Na intake, which varied little, was considerably greater 
than fistula loss. Consistent with this, the salivary Na*+:K+ ratio was 
normal. No urinary analyses were made, but as is indicated by the final 
section (f of Fig. 4) the excretion was probably 200-400 m-equiv/day. 

During the period 6b of Fig. 4 the sheep had access to 238 m-equiv 
NaHCO, /1.for 1 hr each day. The balance study chart is constructed with 
an assumption that, at the end of the period of continuous access to NaHCO,, 
the animal was in Na* equilibrium. The solid line (x —o0) indicates the _ 
change in external Nat balance during the 23 hr preceding the 1 hr test, 
and shows a decrease of Na content of the animal because the fistula loss 
greatly exceeded Na intake in food. The interrupted line (o---x) 
shows the change in Na+ balance produced by the voluntary intake of Na 
during the hour period of access. The number of episodes of sampling the 
NaHCO, solution and water during the hour are shown on the voluntary 


Na intake section of the figure. The average intake in the hour each day 


of the 238 m-equiv NaHCO,/]. was 476 m-equiv. As the cumulative Na+ 
balance shows, the 23 hr negative Na* balance was usually over 500 m- 
equiv, so that the voluntary intake was about adequate to restore Nat 
equilibrium. Consistent with the fact that the external Nat balance was 
negative during most of the 23 hr period, the Nat+:K* ratio in the 24 hr 
salivary collections was about 7 and the excretion of Na.in the urine was 
negligible. 

When, in section c of Fig. 4, the concentration of NaHCO, solution 
offered for 1 hr each day was changed to 952 m-equiv/I., the voluntary 


-intake increased and the external balance became positive for a significant 


period of each day. On the fourth day the animal drank a large amount 
and the Nat+:K+ ratio of the next 24 hr specimen of saliva was normal 
and the kidneys excreted 181 m-equiv of Na. On the fifth day the sheep 
drank very little Na solution, and the record of sampling episodes reflected. 
this lack of interest in the presence of a positive Nat balance. The average 
voluntary intake for the period was 624 m-equiv Na/day. 

In period d of Fig. 4 the concentration of NaHCO, solution was reduced 
to 119 m-equiv/l. On the first day the number of sampling episodes 


- inereased but the intake was small. On the second day the number of 


sampling episodes was the largest for the experiment and the amount drunk 
was almost adequate to return the Nat balance to equilibrium. This 
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involved drinking over 31. of the Na solution within the hour. During the 
remainder of the period the voluntary intake approximated the amount 
of Na+ deficiency and thus was just adequate to return the external balance 
to equilibrium at the beginning of each day. The over-all state of Na* 
deficiency prevailing was reflected in the low salivary Nat:K* ratio 
(approx. 3-0) and the complete renal conservation of Na. The fact that the 
animal was maintaining a Na+ equilibrium involving a considerable 
residual deficiency is reflected also in the decreased Na+ loss during the 
23 hr. The reduced salivary Na+:K+ ratio caused the Na* loss to be 200- 
300 m-equiv/day less than in section c when the animal was drinking the 
952 m-equiv NaHCO,/1. solution. The average voluntary intake for the 
period was 313 m-equiv Na/day. The increased number of sampling 
episodes during this period of 119 m-equiv NaHCO,/1. was associated with 
some clear-cut changes in the animal’s behaviour, which will be described 
in detail in a subsequent paper dealing with conditioned salivary reflexes 
associated with Na appetite. _ 

_ In period e of Fig. 4, on the first day the animal had access to the 

NaHCO, solution at 476 m-equiv/l. concentration, it drank immediately 
3-28 1. = 1561 m-equiv Na. It sampled the solutions much less on the 
following day but in an initial episode it drank 1-261. = 600 m-equiv of 
Na. The very large Nat intake, greatly in excess of deficit, resulted in a 
large positive Na* balance. The salivary Nat+:K+ ratio returned to normal 
and there was a ‘.rge urinary Na excretion which persisted throughout 
the period. During the period the balance was persistently positive, though 
it approached Nat equilibrium after 23 hr of salivary loss. No measure- 
ments were made which might indicate whether the excess Na+ in the body 
was a8 an increased amount of intrarumenal Na, an increased extra- 
cellular Na or as storage in a depot such as bone. The average number (10) 
of sampling episodes for the period was considerably less than the pre- 
ceding period. The average voluntary intake for the period was 784 m- 
equiv Na/day. 

Finally, in period f, the animal was permitted access to the 476 m-equiv 
NaHCO, /I. during the whole day, and the intake was recorded also during 
the usual 1 hr period. A small amount was drunk during the hour, the 
over-all intake for the period (848 m-equiv Na/day) approximating that 
during the preliminary control period (a), when the solution was 238 m- 
equiv NaHCO,/l. The animal remained in positive Na+ balance, the 
salivary Na*:K* ratio was normal, and there was a large urinary Na 
excretion. 

It is convenient here to record one further aspect of the drinking be- 
haviour in the experiment of Fig. 4. Figure 5 shows the percentage of the 
intake drunk during each 5 min period of the hour during which each 
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concentration was offered. The principal fact emerging is that with the 
952 m-equiv/l. concentration the animal took 90°% of the total within 
5 min, and virtually all within 15 min. From 15 min onwards it drank 
considerable amounts of water. The same pattern held with 476 m-equiv 
NaHCO,/I. except ist no water was taken during the hour. By contrast, 


NaHCO, 952 m-equiv/I. 
(mean intake = 624 m-equiv) 


NaHCO, 476 m-equiv/lI. 
(mean intake = 784 m-equiv) 


NaHCO, 238 m-equiv/I. 
(mean intake = 476 m-equiv) 


80 - NaHCO, 119 m-equiv/I. 
60 - (mean intake = 313 m-equiv) 


Percentage of total intake during hour drunk in each 5 min period 


10 nee 40 50 60 
Minutes 


Fig. 5. P.F. 33, Merino cross-bred ewe. The’ percentage of the voluntary intake 
drunk in each 5 min period of the hour of access at the various concentrations 
at which the NaHCO, solution as offered (E) H,O, @ NaHCO,). The figure shows 
also that only with the 952 m-equiv/l. solution was there any voluntary intake of 
water during the hour. The average of the 5 days in each of periods 6, c, d, eof | 
Fig. 4 is shown. | 


with the 119 m-equiv/l. concentration only 44% of the intake was taken 
in the first 5 min, and drinking continued over the whole hour. This was 
seen also with the 238 m-equiv NaHCO,/I. and in neither case was any. 


water drunk during the hour. 


A study on Ned similar to Fig. 4 extended over 67 days divided into 
periods of approximately 7 days. With 238 m-equiv NaHCO,/1. available 
all day, the voluntary intake was 239 m-equiv/day. When the same 
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solution was available for 1 hr/day only, the average intake was 243 m-equiv. 
With 952 m-equiv/l. the average intake in the hour was 362 m-equiv, 
and with 119 m-equiv/l. the average intake was 100 m-equiv. After a 
7-day period with the 119 m-equiv NaHCO,/l. available all day (intake 
equalling 279 m-equiv/day) average intake by the animal when the solution 
was available again for 1 hr only was 223 m-equiv. With 476 m-equiv/l. 
the average intake was 329 m-equiv, and when this solution was available 
all day the average intake was 351 m-equiv; and with 952 m-equiv/l. 
available all day, the average intake was 426 m-equiv/day. The pattern 
of voluntary intake over the hour of access resembled that recorded for 
P.F. 33 (Fig. 5). A detailed study was conducted on T.P. 12 during which 
the three usual electrolyte solutions were available for 15 min only. During 
a control period, when the solutions were presented every third day, the 
observations confirmed those reported above for 420 m-equiv Na/I. 
solutions. Following this the concentration of the Na solutions was 
varied from 220 to 880 m-equiv/l. Though this was the sheep’s first ex- 


perience of an experiment involving variation of concentration, the total | 


intake remained approximately constant, and the preference for NaHCO, 
was retained. For example, one day it drank 2-61 1. of the 220 m-equiv Na/I. 
solutions in the 15 min, whereas on the next day, when the concentrations 
- were increased fourfold, the volume drunk was 0-561. In both instances 
about 75% of the intake was as NaHCO, and the sheep rejected KCl 
throughout the 32 days of the experiment. 

Summarizing, the results showed that when Na solutions were presented 
for a very short period only the animals usually drank enough to repair 
most of the Nat deficit caused by fistula loss. Under these conditions 
they showed a considerable capacity to vary the volume drunk when the 
concentration of the Na solutions was changed, so that intake remained 
approximately constant. The sheep became very excited when presenta- 
tion of the Na solutions was imminent, and the bulk of the voluntary 
intake occurred during the first 5-10 min of access, following which there 
was a decline of interest in the solutions. 


DISCUSSION 


In the experiments where normal sheep were offered the salt solutions 
to drink some animals had a large voluntary intake though there was 
clearly no deficiency of Na*. Generally, there was a preference for NaCl 
over NaHCO,. The concentration of the Na solutions offered was 420 m- 
equiv/l. and in some instances the amount of water drunk was such that 
the Na* concentration of the daily fluid intake was greater than that of 
blood. Thus the voluntary Nat intake resulted in a very large urinary 
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excretion of Na at concentrations as high as 380 m-equiv/l. There was 
considerable variation within the small group of animals studied. The 
results were consistent with Richter’s (1956) findings of liking for salt in 
the absence of metabolic need. However, unambiguous evidence that this 
behaviour in sheep was not due to previous experience depends on the 
outcome of experiments with sheep whose previous history in | relation to 
salt access is known with certainty. _ 

The effect of making a parotid fistula which caused loss of Na+ was 
clear-cut. In the sheep which had a small voluntary Na intake beforehand 
there was a large increase, and usually this involved a preference for 
NaHCO, @ver NaCl. In the instance of the sheep which had a large Na 
intake before operation there was usually an increase in the proportion of 
NaHCO, drunk. There was one exception (P.F. 43) which after 4 days of 
Na depletion drank 3-461. of NaCl, and in the following month always 
drank NaCl and rarely drank much NaHCO, though it often tasted it. 
All sheep with long experience of self-selection, e.g. P.F. 33, P.F. 40, 
P.F. 48 and T.P. 12, showed a preference for NaHCO,, although they 
frequently drank a significant amount of NaCl every few days. This 
preference was less apparent when the animal had been Na-depleted for 
2-4 days and showed a sense of urgency and was very excited by the 
impending presentation of the Na solutions. The selection of a pre- 
dominance of NaHCO, over NaCl was a more appropriate choice in the 
face of the biochemical distortion produced by the predominantly NaHCO, 


_ loss from the parotid fistula. The mechanism of selection has not been 


investigated. One possibility is that the fall in pH and HCO, concentration 
of the arterial blood perfusing the taste buds is in some way responsible, 
an hypothesis it should be possible to test by making appropriate infusions 
into the carotid artery loop supplying a ‘vascularly isolated’ tongue during 
the act of self-selection (Denton et al. 1959). An alternative possibility is 
that in the course of random trial and error drinking of the solutions, the 
animal took enough NaHCO, to produce subsequently a particular sense 
of alleviation of need, and that retroactive association of benefit and taste 
established a preference for that solution. 

The quantitative study of voluntary intake in relation to degree of Nat 
deficiency showed that, when the solutions were available all day, many 
animals maintained themselves in normal balance with a normal salivary 


, . Nat:K+ratio. Others maintained an oscillation of balance involving some 


residual Na+ deficiency as shown by a salivary Nat+:K* ratio of 3-10, 
and little or no urinary Na excretion. A striking finding was the ability 
of the sheep to adjust Na intake to need by varying the volume of Na 
solution drunk per day in the face of change of Nat concentration of the 
solution offered. 
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This self-regulating ability was clearer from studies in which the solutions 
were available for 15-60 min only each day or on every second or third day. 
The external balance studies showed that generally the amount of Na 
solution drunk in the hour was adequate to replace the Na* deficit during 
the previous 23 hr. The study on P.F. 33 (Fig. 4) indicates that judgement 
of voluntary intake was usually accurate. This returned the Na* balance 
to equilibrium but, as Na+ loss continued during the next 23 hr, the balance 
was negative during most of the day, a finding reflected by low salivary 
Na*:K+ ratio and urinary Nat conservation. If, because of an episode 
with very large Na+ intake, there was a large positive balance, the intake 


balance was established, sometimes the animal maintained a status in- 
volving fluctuation of balance on the positive side of Na+ equilibrium, an 
observation consistent with the primary finding that Nat-replete non- 
fistulated sheep will drink the solutions. The findings in this respect were 
somewhat suggestive that rate of change of Nat balance in the preceding 
period was influential in determining drinking behaviour as well as the 
apparent primary determinant of the actual state of Na+ balance. Con- 
sideration of the balances and the increased intake when there were 2-3 days 
of depletion highlights one other fact shown graphically in Fig. 5. As much 
as 80-90% of the intake occurred during the first 5 min of access to the 
solution. The findings are suggestive that the action specific energy 
(Lorenz, 1950; Tinbergen, 1951; Haldane, 1956) for Na appetite is 
accurately determined by metabolic balance. The specificity of the ap- 
petite for Na solutions was confirmed frequently by the rejection of food, 
H,O or KCl by the restless and excited animal which continued to bleat 
and jump up and down until Na was offered. The specificity of the appetite 
was also clear from multiple analyses of the rejection and acceptance 
pattern by the animal when the four fluids were presented. The fact that 
this action-specific energy was discharged to a large extent in most 
instances by a single drinking act within the first 5 min of access to fluid — 
raises the fascinating question as to how the relevant information on 
satiation is computed by a postulated neural centre determining appetite. 
For example, with T.P. 12 the animal had had no previous experience of 
variation of Nat concentration of the offered fluid until this occurred under 
the régime of access for 15 min only. Yet on the different days when it 
met solutions of NaCl and NaHCO, of 220 and 880 m-equiv/l. for the first 
time it immediately adjusted the volume drunk so that the total intake 
_ was approximately equal at the two differing concentrations. The question 
whether drinking (presumably a satiating consummatory act (Tinbergen, 
1951)) is eventually inhibited as a result of an adequate number of taste 
bud impulses coupling centrally with an adequate number of oesophageal 


was usually reduced next day. On the other hand, once the a \ | 
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‘metered’ swallowing acts turns on appropriate future experiments on 
animals with oesophageal fistulae. There seems no possibility that ab- 
sorption into the blood would be rapid enough to raise the question of this 


113 


inhibiting the act of drinking (Le Magnen, 1953). 


_ Considering the cause of the Na appetite of deficient sheep, two of the 
possibilities are that either the increase of aldosterone concentration in 


blood or the changed composition of saliva in the mouth caused by aldo- 


sterone secretion (Denton ef al. 1959, 1960) stimulate this behaviour. 
However, normal self-regulatory capacities have been observed in a large 
number of bilaterally adrenalectomized sheep with parotid fistulae which 
have been maintained in our laboratory by the self-selection régime. 
Voluntary ingestion of NaHCO, adequate to correct deficiency has been 
seen at times when there was no residual action from electrolyte-active 
steroid such as DOCA as shown by the secretion of parotid saliva of normal 
composition despite Na+ depletion. These observations are evidence 
against either of the above possibilities as a stimulus of Na appetite. In 
relation to the spontaneous ingestion of salt solution by sheep which are 
demonstrably in normal Na+ balance, a finding which seems to have been 
confirmed by many field observations, it seems probable that the innate 
releasing mechanism is the taste of salt encountered during exploratory 
tasting. The basis of the fairly widespread propensity to ingest salt 
upon encountering it lies presumably in the selection of an inherited pattern 
conferring survival advantage on the species. Na+ deficiency could occur 
under a variety of natural conditions particularly in ruminant animals 
(Denton, Wynn, McDonald & Simon, 1951; Denton, Goding, Sabine & 
Wright, 1958). Notwithstanding the variation of voluntary intake seen 
in the Nat-replete animal, Nat-deficient animals, with very few exceptions, 


show an active appetite for Na. 2 


If one considers the thirst mechanism, there appears to be evidence that 
the action-specific energy for drinking determined by osmotic pressure 
changes (Wolf, 1958) depends upon a fairly precisely defined region of the 
hypothalamus (Andersson, Jewell & Larsson, 1958) and is reinforced by 
proprioceptor impulses from the dry mouth and pharynx. There is much — 
less evidence on a physicochemical basis of action-specific energy for Na 
appetite than there is in the case of thirst. With thirst, Wolf (1958) has 
shown that raising the osmotic pressure of the blood by 1-2%, a degree 
of change shown by Verney (1947) to release antidiuretic hormone, causes 
ingestion of water. We have produced the same effect on sheep by slow 
intracarotid infusion of 4 m-NaCl or 2-7 m glucose, and Andersson et al. 
(1958) have shown that stimulation of a specific region of the mid hypo- 
thalamus by injection of 0-1 ml. of 1:5-2% NaCl causes compulsive 
drinking. With Na appetite, during Na+ deficiency it is possible that the 
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accumulation of action-specific energy is determined directly by Nat 
depletion of the specific cells in: the central nervous system controlling 
this appetite. Alternatively, as with the intimately linked problem of 
control of aldosterone secretion (Farrell, 1958; Denton e¢ al. 1959, 1960; 
Bartter, Mills, Biglieri & Delea, 1959; Coghlan, Denton, Goding & Wright, 
1960), a number of peripheral proprioceptor mechanisms (e.g. vascular 
stretch receptors) might be postulated as the main receptor mechanisms 
controlling appetite, or secondarily as despatching impulses modifying the 
activity of the centre postulated above. In the sheep experienced in this 
_ regard it has been demonstrated that voluntary Nat intake may closely 
approximate the degree of deficiency. We have referred already to the 
proposition that the consummatory act of drinking is inhibited at the 
appropriate point by proprioceptor impulses discharging the action- 
specific energy. Future careful studies of fistulated animals on the first 
occasion that they encounter the Na solutions may reveal whether intake is 
accurately related to degree of deficiency initially, or whether it is retro- 
active effect from satiation experience which leads —," to precise 
quantitative adjustment of appetite. 

If the receptor system determining Na appetite is within the brain or 
the circulatory system an outstanding problem remaining is how the 
consummatory act of Na drinking during 3—4 min discharges the action- 
specific energy and causes a precipitate decline in motivation long before 
the ingested material could repair the cellular, circulatory, or blood 
composition abnormalities which may determine appetite. A similar 
problem exists, of course, in the capacity of the water-depleted camel to 
correct a deficiency of 50-100 kg in a single drinking act (Schmidt-Nielsen, 
1959), but the phenomenon is more complicated in the Na+-deficient sheep 


in view of the ability to adjust volume drunk to the concentration of the 
NaHCO, solution presented. 


SUMMARY 


1. Some ite when offered solutions of Na salts to drink voluntarily 
ingested considerable amounts though they were in normal Na* balance. 

2. The establishment of a permanent unilateral parotid fistula caused . 
loss of 1-41. of alkaline saliva/day containing 180-700 m-equiv of Na, 
mainly as NaHCO,. There was a large increase of appetite for Na. The 
voluntary intake of many animals was adequate to maintain a normal 
Nat balance whilst others oscillated around a balance involving some 

degree of residual Nat deficiency. Offered a choice between NaCl and 
_ NaHCO, these animals showed a clear preference for NaHCO, . 

3. If the fistulated sheep were offered continuous access to NaHCO, 
solution and water, and the concentration of the NaHCO, solution was 
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varied from 119 to 940 m-equiv/l., the animal varied the volume drunk 
so that Na intake remained relatively constant and approximated the 
loss from the fistula. | 

4. If the Na solutions were available to the fistulated sheep for only 
15-60 min each day, the animal usually ingested enough to correct its 
deficit. 80-90% of intake occurred during the first 5 min. When the 
concentration of Na solution was increased, the volume drunk was. 
decreased proportionately. If access were permitted only on every 2nd 
or 3rd day, the amount of Nat ingested was increased commensurately. 

6. In experiments where solutions were offered for a short period only 
there was a large increase in frequency with which solutions were sampled 
during Na* deficiency. The sheep rarely ingested any KCl solution when 
it was included amongst the solutions offered. The preference for NaHCO, 
over NaCl was maintained during this régime of short-term access. 

7. The experimental results have been discussed in terms of concepts 
of behaviour advanced by ethologists. The action-specific energy for 
drinking solutions of Na salts appears in the Nat-deficient animal to be 


related to the degree of Na deficit, and the problem arises, as in more 


simplified form with thirst, how the consummatory act of drinking is 
inhibited. The hypothesis is advanced that there is a central integration 
of taste impulses from the tongue signalling concentration with pharyngo- 
oesophageal proprioceptor’ impulses signalling volume swallowed. The 
problem remains as to how the consummatory act discharges the action- 
specific energy long before the ingested material could repair any physio- 
logical consequence of Na* deficit either within the milieu intérieur, or 
the intracellular fluid of a neural centre controlling Na intake. : 


It is a pleasure to thank Professor R. D. Wright and members of the Ionic Research 
Laboratory for helpful discussion of this work. The work has been supported by grants 
from the National Health and Medical Research Council of Australia, the Wool Industry 
Research Fund of the Commonwealth, and the Rural Credits Fund of the Commonwealth 


‘Bank of Australia. 
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THE ACUTE EFFECT OF PROGESTATIONAL COMPOUNDS 
ON INTACT RABBIT MYOMETRIUM 


By BRENDA M. SCHOFIELD* 
From the Upjohn Company, Kalamazoo, Michigan, U.S.A. 


(Received 7 December 1960) 


It has been shown by Csapo (1954) that if a strip of rabbit uterine muscle 
is suspended in an isolated organ bath and is subjected to direct electrical 
stimulation, then the tension which develops declines immediately when 
progesterone is added to the bath. This is such a striking effect that 
attempts were made to demonstrate a similar phenomenon in the intact 
animal (Schofield, 1955). These attempts were not successful. Recently, 
however, the effect of progesterone in vitro has been confirmed by Stucki 
& Glenn (1961), who also did further work with related compounds. In the 
present investigation the problem has been re-examined in rabbits, using 
an improved technique and additional progesterone-like compounds in 
order to determine whether, in fact, these substances have any immediate 


_ physiological action on myometrial cell function in the intact animal. 


METHODS 


Immature New Zealand white rabbits weighing 2-5-3 kg were injected daily with 30 ug 
oestradiol in cottonseed oil for at least 7 days. Experiments were then carried out in the 
intact animal under pentobarbitone anaesthesia, using the technique already described 
(Schofield, 1960), and recording isometrically from a horizontal uterine segment which could 
be subjected to direct electrical stimulation. A fine polythene tube was inserted into the | 
uterine lumen and tied in position along with the electrodes (Fig. 1). In this way injections 
could be made directly into the cavity of the segment without interfering with the recording 
or in any way changing the external environment of the uterus. The segment, about 2-5 cm 
in length, was tied on to the electrodes firmly, but not too tightly, so as to isolate the cavity 
of the segment without interfering with the blood and nerve supplies. To complete the 
preparation a Perspex chamber was lowered over the segment, as indicated in Fig. 1, and 
the abdominal wall was sutured above the flange. A heating coil in the roof of the chamber 
kept the temperature at 38° C, and moist filter paper below the coil preserved the humidity. 
The results to be described were observed in a series of 34 rabbits. , 

Stimuli of 10 V (60 c/s a.c.) and 5 sec duration were applied at 1 min intervals and the 
responses were recorded on a kymograph; the segment was set at resting length, as in 
previous experiments (Schofield, 1957). Sometimes the stimulation was continued through- 
out the experiment, at other times it was switched off to allow the development of spon- 
taneous activity. In the latter case the sensitivity of the myometrium to oxytocin was 


* This work was done whilst on leave of absence from the Physiology Department, Royal 
Veterinary College, London, N.W. 1 (present address). 
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assessed by injecting oxytocin directly into the uterine cavity and by finding the threshold 
dose injected intravenously. 

The test compounds (Table 1) were injected into the uterine cavity shoved the polythene 
tube. The volume of each injection was 0-1 ml. but as many as ten consecutive injections of 
the Krebs’s solution were given, and sometimes this total volume of 1 ml. was injected 
continuously during 15-20 min. The effect of these compounds was determined on the 


SS 
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SS 


Fig. 1. Diagram of uterine segment (A) tied on to electrodes B and C, with a poly- 
thene tube (D) inserted into the lumen for drug injection. The electrode arm (E) is 
rigid, but the other is movable about a fulcrum (F) and is attached by thread at G 
to the short arm of an isometric tension lever. The position of the latin sah chamber 
is indicated in dotted lines. 


TABLE 1. Compounds injected into the uterine segment 


A 
In01 ml. In 0-1 ml. 
Compound Vehicle cottonseed oil suspension* Krebs’s solution 

Progesterone — 2 mg 2 mg 3°75 pet 
6a-methyl-17«- — 0-4 mg 2 mg 3°75 pet 

hydroxyprogesterone acetate 

(6-MAP, Upjohn) 
Pregnane-3a-20a-diol — — 2 mg — 
Pregnanediol glucuronide — 0-75 mg 
Progesterone enamine HCl — — 4 mg 


* The suspension fluid consisted of (mg): carboxymethylcellulose, 5; polysorbate 80 
(polyoxyethylene (20) sorbitan mono-oleate), 4; sodium chloride, 9; benzyl] alcohol, 9. 

t+ For these solutions the steroids were dissolved in 1 part dimethylacetamide and then 
diluted with 800 parts Krebs’s solution. 


following myometrial properties: (a) the tension developed in response to electrical stimu- 
lation; (6b) the spontaneous activity; (c) the threshold dose of intravenous sical and 
~(d) the response of the myometrium to intra-uterine oxytocin. 

In a few experiments the effect was studied of’injecting Na mono- indivanahade into the 
uterine cavity. In some experiments Indian ink was injected into the cavity and this showed 
that there was little or no leakage of the injected fluid from the segment. 

Experiments were carried out with progesterone 4-“C to ascertain the degree of absorption 
from the uterine lumen and the concentrations attained in the blood and uterine wall. An 
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injection of 2 mg progesterone + 2 yc/4-“C progesterone, either as a suspension or dissolved 
in oil, was made into the segment and recording was continued for 30 min. The injected 
segment was carefully removed and the lumen was washed through with 0-9% NaCl solution 
or with oil and the animal was exsanguinated. The amount of progesterone 4-“C present 
was then determined in the blood, in the lumen washings and in the uterine segment, which 
had been separated into myometrium and endometrium, in the following manner: The 


tissue was extracted four times with 100 ml. portions of 20% (v/v) ethyl acetate in chloro- 


form. Extracts were dried and the dry residues were dissolved in 20 ml. liquid scintillation- 
counting solvent (2,5 diphenyloxazole, 8 g; 1-4-bis-2-(5 phenyloxazolyl)-benzene, 200 mg; 
A.R. toluene, 1360 ml.; absolute ethanol, 640 ml.) and appropriate equal aliquot samples 
were transferred to counting vials. Samples were counted in duplicate at least twice for a 
duration of 10 min in a Packard Liquid Scintillation Spectrometer. Analyses of unused 
samples of the material originally injected into the uterine lumen were also made. 

In two experiments progesterone 4-“C was similarly injected and thereafter a sample of 
blood was taken from the jugular vein every 10 min for 1 hr. The samples were then assayed 
as above. In two other experiments a uterine segment was ligated and injected as above, 
without the recording apparatus in position. After 30 min the isotope content was estimated 
in the injected segment, in a distant uterine segment, and in a piece of caecum. 


Uterine tension (g) 


Fig. 2. Rabbit uterus in vivo, longitudinal record. Response of the myometrium 
to electrical stimulation of 10 V and 5 sec duration applied at 1 min intervals. An 
injection of 2 mg progesterone in 0-1 ml. suspension made into the uterine segment — 
at each arrow. 


RESULTS | 
Progesterone-like compounds injected into the uterine cavity of rabbits 
did’ not affect either spontaneous activity or the tension developed in 
response to direct electrical stimulation (Fig. 2), neither of which showed 
any change during the subsequent 1-2 hr. The threshold dose of oxytocin 
injected intravenously in these rabbits was usually 5-10 m-u. and was not 
affected by the intra-uterine administration of any of the progesterone- 
like compounds. When oxytocin was injected into the lumen of the seg- 
ment it produced a definite phase of increased activity (Fig. 3) but the dose 
required was at least ten times the intravenous threshold dose. Never- 
theless, the results showed that oxytocin was absorbed from the lumen of 
the uterus and, furthermore, that this response was also unaffected by 
preceding administration of progesterone-like compounds. 
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Absorption of progesterone 4-14C from the uterine lumen 


In two experiments the progesterone 4-'4C content of the blood was 
assayed after injecting into the uterine cavity a solution whose activity 
was 1,300,000 counts/min. The blood samples, taken every 10 min, showed, 
in the first experiment, counts varying from 5-21 counts/min/ml. blood, 
and, in the second experiment, 19-66 counts/min/ml. blood. 

The results of the three experiments in which the progesterone content 


10 


Uterine tension (g) 


min 


Fig. 3. Rabbit uterus in vivo. Effectiveness of intra-uterine injection of 100 m-u. 
- oxytocin iri 0-1 ml. 0:9% NaCl solutions. | 


TABLE 2. Distribution of progesterone 4-“C 0-5 hr after its injection into the 
uterine cavity during recording of myometrial activity 


Progesterone Total Amount 
Material ! medium counts/min of tissue 
0-1 ml. | Suspension 675,758 co 
progesterone 4-14C Oil 637,737 — 
material, as used for solution 676,547 — 
injection 
Blood | Suspension 246 80 ml. 
250 60 
solution 482 66 ml. 
Uterine lumen washings Suspension 606,607 
solution 213,200 
Myometrium Suspension 8,728 — 
Oil 3,135 345 mg 
. solution 1,276 381 mg 
Endometrium Suspension 4,153 
Oil 2,542 400 


solution 770 322 mg 
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of uterine tissues was estimated are shown in Table 2. It is evident that 
the progesterone was reaching the myometrium, though in small amounts, 
and that in all three experiments the concentration was greater in the 
myometrium than in the endometrium. Analysis of distant uterine seg- 
ments and of the caecum showed that the progesterone content was 5 %/, 
(or less) of that found in the injected segment. 

- Ineffectiveness of Na mono-iodoacetate. Intra-uterine injections of 0-1 ml. 
of 0-1 or 0-2 m Na mono-iodoacetate did not produce any significant change 
in spontaneous or stimulated activity. This is in contrast with the 0-0001 m 
concentration which, in an organ bath, is effective in abolishing the tension 
developed by an isolated uterine segment in response to electrical stimula- 
tion (Csapo, 1955). 

DISCUSSION 

In trying to reproduce the acute in vitro effects of progesterone in the 
intact anima! the first problem was to get the progesterone to the myo- 
metrium in sufficiently high concentrations. When the isolated segment is 
bathed by progesterone compounds, it is possible to achieve concentrations 
as high as 10 mg/ml. (Stucki & Glenn, 1961). In the intact animal it is 
extremely difficult to subject the myometrium to such high concentrations 
owing to the low solubility of most of these compounds. The method 
described appeared to be the most efficient available, and, indeed, the 
results with progesterone 4-!4C indicate that after intra-uterine injection 
of progesterone its concentration in the myometrium of the injected seg- 
ment is considerably higher than that in a distant uterine segment or in 
other abdominal organs, e.g. the caecum. 

Progesterone, 6-MAP and pregnanediol are almost insoluble in water 
and therefore only low concentrations of them could be injected in Krebs’s 
solution, but much larger amounts could be injected when in suspension or 
dissolved in oil. It should be pointed out that Stucki & Glenn (1961) found 
that although 6-MAP was twenty-five times more potent than progesterone 
in delaying parturition in the rabbit, it was without effect on uterine con- 
tractility in vitro. 

The effectiveness of the intra-uterine administration route is further 
indicated by the myometrial response to intra-uterine oxytocin. It is not 
surprising that the intra-uterine dose required was at least 10 times the 
intravenous threshold dose, considering that rapid intravenous injection 
_ of a threshold dose may give rise to only one contraction, whereas intra- 
uterine injection, which results in slower absorption, produces an increased 
level of activity lasting 20 min or more. In contrast, mono-iodoacetate, 
which readily nullifies in vitro activity, was without effect even in high 
concentrations when injected into the uterine segment. 

The results with progesterone, oxytocin and mono-iodoacetate illustrate 
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the importance of the integrity of the circulation, which may contain in- 
activating systems capable of neutralizing the mono-iodoacetate without 
interfering with the physiological actions of oxytocin. 

The isotope determinations show that progesterone was, in fact, reaching 
the myometrium during the 30 min after its injection into the uterine 
segment, although the total found in the muscle layer of the segment 
amounted to only about 1% of the quantity injected. The concentration 
was, however, greater than in the endometrium in all three cases, which 
suggests that there may be an active absorption of progesterone from the 
uterine lumen rather than a passive diffusion. 

In contrast to these findings, isotope determinations of the uptake of 
progesterone by the isolated uterine segment from the surrounding Krebs’s 
solution (E. M. Glenn, personal communication) indicate that much greater 
concentrations are achieved in vitro than in the intact animal. However, 
if the bath fluid is blood plasma or if 4°% albumen is first added to the 
Krebs’s solution, the amount of progesterone absorbed by the segment is 
reduced to a fifteenth. Furthermore, under these circumstances the acute 
effect of progesterone-like compounds in reducing myometrial tension is 
no longer apparent. This would explain, therefore, why adequate concen- 
trations of progesterone in the myometrium are not achieved in the living 
animal and why an acute depressant action cannot be demonstrated. The 
blood supply is apparently protecting the myometrium from high concen- 
trations of progesterone, but exactly how this is achieved or what part this 
mechanism plays in the control of myometrial function by endogenous 


progesterone (Csapo, 1956; Schofield, 1961) is a matter for further investi- 


gation. 
SUMMARY 

1. The acute effect of progesterone on myometrial tension has been 
reinvestigated in the intact rabbit using an improved technique. Some 
related compounds have also been tested. 

2. A depressant action could not be demonstrated in the intact rabbit 
when the compounds were given by intra-uterine injection. 

3. The effectiveness of intra-uterine injection was indicated by the 
stimulant action of oxytocin injected in this way. 


4. Experiments with progesterone 4-4C isotope showed that pro- 


gesterone was, in fact, reaching the myometrium of the intact uterus but 
in much lower concentrations than when isolated strips are suspended in 
Krebs’s solution. 


This work was undertaken at the suggestion of Dr A. Csapo and made possible through the 
kind and helpful co-operation of Dr E, M. Glenn, to both of whom I am most grateful. My 
thanks are due to Mr R. Bayer and Miss B. J. Bowman for technical assistance and to 
Professor E, C. Amoroso for helpful comments on the manuscript. 
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HYPERGLYCAEMIA INDUCED BY DRUGS 


By A. HASSELBLATT* anv D. H. SPROULL 


From the National Institute for Medical Research, Mill Hill, 
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(Received 9 December 1960) 


This paper concerns hyperglycaemia produced by drugs injected into 
the cannulated lateral cerebral ventricle, or intracisternally. Most experi- 
ments were performed on rabbits, but a few were done on cats. A dif- 
ference between the two species was found. 

In rabbits intraventricular injection of a small dose of adrenaline, 
barbitone, or leptazol resulted in an increase in blood glucose concentration. 
The hyperglycaemia produced by adrenaline could be accounted for by its 
absorption from the cerebrospinal fluid (c.s.f.) into the blood stream; 
_ rabbits are particularly sensitive to the metabolic effects of adrenaline 
(Cori, Cori & Buchwald, 1930). On the other hand, injection of barbitone 
or leptazol induced a hyperglycaemia of central origin mediated by the 
sympathetic nervous system. 

In cats, which are relatively insensitive to the metabolic effect of 
adrenaline, the intraventricular injection of adrenaline in a dose larger 
than that effective in rabbits did not produce hyperglycaemia, but after 
its intracisternal injection there was a pronounced and sustained hyper- 
glycaemia. This effect has been described previously by Leimdorfer, 
Arana & Hack (1947), who produced hyperglycaemia by injecting intra- 
cisternally 50 ~g adrenaline/kg. The same amount of adrenaline injected 
into a joint or intraperitoneally did not raise the blood glucose concentra-. 
tion, so they concluded that the hyperglycaemia was of central origin. 
They also concluded that the adrenaline was not absorbed into the blood 
stream, since it could be detected in the cerebrospinal fluid 16 hr after an 
intracisternal injection of 0-5 mg. 


METHODS 
: Experiments on rabbits 
Belgian lop-eared rabbits of 2-3 kg body weight were used. A Collison cannula was 


implanted permanently into the left lateral cerebral ventricle according to the procedure of 
Feldberg & Sherwood (1954). The stem of the cannula was shorter than that used for cats; 


* Riker Fellow. Present address: Pharmakologisches Institut der Universitat Géttingen, 
Germany. 
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the length between the end of the threaded portion and the orifice in the polythene sleeve 
was 4-5-5-0 mm. The hole in the skull was made with an electrically operated dental drill, 
and not, as in cats, with a hand drill; this modification was essential because of the curvature 
of the calvarium at the point of insertion of the cannula. _ : 

The implantation was carried out aseptically under open ether anaesthesia and _pre- 
medication with atropine (4 mg/kg subcutaneously) and pentobarbitone sodium (25 mg/kg 
intravenously). After exposure of the left parietal bone through a paramedian skin incision 
about 2 cm long, a hole was bored in the skull, with a 2-5 mm coarse burr, 7 mm lateral to 
the mid point of the sagittal suture: the hole was reamed vertically with a hand-operated 
twist drill (No. 30); the thread was cut and the cannula was then inserted. It did not 
matter if the cannula was not quite vertical, as long as its depth of insertion was correct. 
After completion of the cannulation the skin was sutured with silk. An interval of at least 
1 week was allowed between cannulation and the experimental use of the rabbit. 

In the experiments in which the splanchnic nerves were divided, an interval of at least 
4 days elapsed between cannulation and splanchnicotomy, which was performed aseptically 
under the same anaesthetics as the ventribular cannulation. The splanchnic nerves were 
exposed by the abdominal route, and cut cephalic to the adrenal glands; care was taken to 
ensure that the small branches to the adrenals were included in the section. An interval of 
at least 6 days was allowed between splanchnicotomy and experimental use of the animal. 

All the observations on the effects of drugs were made without anaesthesia. Food was 
withdrawn 24 hr before the start of each experiment. The rabbits were usually confined in 
boxes, but when leptazol was injected the rabbits were taken out of the boxes and placed on 
the floor. The drugs were always injected in a volume of 0-1 ml./kg body wt. In order to 
obtain blood samples for glucose determination, a 0-9 mm diameter x 0-5 mm bore trans- 
parent polyvinylchloride cannula was passed into the superior vena cava through a prick 
in the marginal vein of the ear, usually the right ear, and left in situ for the duration of 
each experiment. 

Post-mortem examination. After the experiments had been performed, the position of the 
tip of the implanted cannula was determined. The animals were killed by intravenous 
injection of pentobarbitone sodium 60 mg/kg, and immediately afterwards a solution of 
bromophenol blue, 0-2 mg = 0-1 ml./kg, was injected through the ventricular cannula. 
After removal of the parietal and occipital bones, successful implantation was characterized 


by the absence of dye from the exposed cortical surface, and by its presence in the fourth 


ventricle; when coronal sections of the brain were made the dye was found in the left lateral 


and third ventricles, and in the aqueduct; the right lateral ventricle was not regularly 


stained. The results to be described were obtained in rabbits in which the implantation of 
the ventricular cannula had been successful, and in which there was no evidence of blockage 
of the flow of c.s.f. Signs of obstruction were the presence of an old blood clot in the anterior 
part of the cannulated ventricle and a dilated left lateral ventricle. 

In the rabbits in which splanchnicotomy had been performed, the splanchnic nerves were 
dissected in the thorax, and traced caudally to the site of section, to establish that not only 
the main trunk, but also the small branches, had been severed. 

Experiments on cats | 

In cats anaesthetized with pentobarbitone sodium (33 mg/kg), a Collison cannula was 
implanted aseptically into the left lateral cerebral. ventricle, according to the method 
described by Feldberg & Sherwood (1954). The observations on the effect of intraventricular, 


' intracisternal or intraperitoneal injections were made under pentobarbitone sodium 


anaesthesia, at least 1 week after the cannulation; the volumes injected were 0-1 mi. /kg 
body weight. For the intracisternal injections the hair on the back of the neck was clipped. 
A needle was inserted, without incision of the skin, through the atlantooccipital membrane, 
and 6n the appearance of a drop of clear c.s.f. the syringe containing the drug was attached, 
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and the injection was made, carefully avoiding movement of the needle. To obtain blood 
for glucose determination a soft polyethylene cannula was passed into the inferior vena cava 
through the saphenous vein, and left in place throughout the experiment. 

Blood glucose was determined by the specific glucose oxidase method (Huggett & Nixon, 
1957) using the enzyme reaction mixture as supplied by Boehringer & Soehne, Mannheim; 
2-85 % (v/v) perchloric acid was used as the protein precipitant, and the incubation was 
carried out at room temperature for 40 min (Jakobsen, 1960). 


Substances used for injection 

Adrenaline and 1w-noradrenaline bitartrate. The salt was dissolved in NaCl solution 
0-9 g/100 inl., immediately before use. In order to obtain a solution containing 20 yg 
adrenaline base/0-1 ml., 3-65 mg. of the bitartrate was dissolved in 10 ml. 

Barbitone sodium. At the higher concentrations used (2 and 1-15 g/100 ml.) this drug is 
soluble only in an alkaline medium. The 2% solution was made by dissolving 100 mg 
barbitone sodium in 3 ml. distilled water, adding 0-4 ml. 0-3Nn-HCl, and then making the 
volume up to 5 ml. with distilled water. The 1-:15% solution was prepared by mixing 
27-7 ml. 0-1N barbitone sodium with 23-3 ml. 0-1Nn-HCl. The pH of the solution, measured 
with a glass electrode, was 7-5—7-6 for the 2% and 7-0-7-2 for the 1-15 %, at — the 
barbitone remained in solution at room temperature for at least 20min. 

Leptazol was prepared as a solution, 1 g/100 ml. 0-9 % saline 


RESULTS 
Experiments on rabbits 


When injected into the cerebral ventricle, 20 »g adrenaline/kg was 
sufficient to increase the glucose concentration of the blood. The peak 
concentration was reached afier 1 hr. A typical experiment is illustrated 
in Fig. 1A, and Table 1 shows the mean values, of 12 experiments, of the 
blood glucose concentration before and at various times after the injection. 
The mean value of 83-5 mg/100 ml. immediately before the injection, rose 
to a maximum of 134-5 mg/100 ml. after 1 hr and then fell to 114 mg/ml. 
during the following hour. 

Since the adrenaline was injected as bitartrate, the solution had a pH of 
3°5. However, the effect of the injection was not due to its acidity, because 
intraventricular injection of an equivalent amount of tartaric acid, 


16-4 »g/kg made up in 0-9% NaCl solution, did not affect the blood 


glucose concentration (see line 2 of Table 1). 

The effect of the adrenaline injection could not be ascribed to a central 
action mediated by the sympathetic nervous system, since it persisted 
after bilateral section of the splanchnic nerves. This is shown in the 
experiment in Fig. 1.4, and in Table 1, which gives the mean blood glucose 
concentrations of twelve rabbits, injected with 20 yg adrenaline/kg intra- 
ventricularly after section of the splanchnic nerves. The mean - blood 
glucose values before as well as after the injection were somewhat lower 
than those of the twelve rabbits with intact splanchnic nerves, but the 
response to the injection was much the same in both series of experiments. 
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Evidence that the splanchnic nerves had been successfully divided and 
that no functional regeneration had occurred was obtained by determining 
the effect on blood glucose of an intraventricular injection of leptazol 
(see page 132). 


120 F 


120 


Blood glucose concentration (mg/100 mi.) 


100 


~20 0 +4 +60 +90 +120 
Time (min) 
Fig. 1. Responses of blood glucose concentration in two unanaesthetized rabbits Ato 
adrenaline, 20 ug/kg, and B to barbitone sodium, 2 mg/kg, each injected at zero 
time into the lateral cerebral ventricle. @—@® intact animal; O—O 6-8 days 
after bilateral splanchnicotomy. 


The hyperglycaemia produced by the intraventricular injection of 
20 wg adrenaline/kg could be accounted for by absorption of the adrenaline 
from the c.s.f. into the blood stream, since the same amount of adrenaline 
injected intraperitoneally caused a hyperglycaemia, of about the same 
magnitude and time course as the intraventricular injection. This is shown 
in the fourth line of Table 1, which gives the mean values obtained fram 
six experiments. These findings suggest that absorption of the adrenaline 
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proceeds at about the same rate from the c.s.f. as from the peritoneal 
cavity. 


Noradrenaline 


This sympathomimetic amine, which is known to have a much weaker 
glycogenolytic action than adrenaline on systemic injection (Schiimann, 
1949), did not affect the blood glucose concentration when injected intra- 
ventricularly in a dose of 20 ug/kg. 


Barbitone sodium | 

Intraventricular injection of 2 mg barbitone sodium/kg produced hyper- 
_ glycaemia, vasodilatation of the external ear, sedation, ataxia, nystagmus, 
and with smaller doses hyperphagia. 

The hyperglycaemia was comparable in magnitude and duration to that 
produced by an intraventricular injection of 20 yg adrenaline/kg. 
Figure 18 illustrates a typical experiment, and Table 1 gives the mean 
blood glucose concentrations of twelve experiments. The peak of the 
hyperglycaemia was reached about | hr after the injection, the mean blood 
glucose concentration having then risen from 81 to 126 mg/100 ml. 

The mechanism of the barbitone hyperglycaemia differed from that of 
the adrenaline hyperglycaemia. The response was abolished after bilateral 
section of the splanchnic nerves, and was therefore of central origin, 
mediated by the sympathetic nervous system. Table 1 gives the mean 
blood glucose concentrations of twelve rabbits with both splanchnic nerves 
divided, before and after intraventricular injection of barbitone sodium 
2 mg/kg. The difference in the effect of splanchnicotomy on the hyper- 
glycaemia produced by intraventricular injection of barbitone or of 
adrenaline is illustrated by a comparison of A and B, Fig. 1. 

In four rabbits, in which only the right splanchnic nerve was cut, the 
response to barbitone sodium 2 mg/kg injected intraventricularly was 
reduced: the mean blood glucose concentration rose from 75 mg/100 ml. 
before the injection to 98-5 mg/100 ml. 1 hr later. | 

The failure of intraventricularly injected barbitone to raise the blood 
glucose concentration after bilateral splanchnicotomy was not due to a 
post-operative deficit of liver glycogen demonstrable by failure to respond 
to adrenaline, since an intraperitoneal injection of 20 yg adrenaline/kg 
2 hr after the barbitone produced a hyperglycaemic response. This control 
injection was given to six of the twelve rabbits referred to in Table 1, 
line 7, and in 30 min the mean blood glucose concentration rose from 80 to 
123-5 mg/100 ml. 

The injection of the barbitone sodium 2 mg/kg was in a 2% solution, 
which had to be alkaline to avoid precipitation : it had a pH of '7-5-7-6. 
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At this pH barbitone is a powerful buffer. These properties of the solution, 


however, did not fully account for the observed hyperglycaemia, as was | 


shown by the following two observations: 


(1) The intraventricular injection of a smaller dose of barbitoné sodium 
(1-15 mg/kg), injected as a weaker solution (1-15 °%), which was sufficiently 
stable at a pH of 7-0—7-2, also produced a hyperglycaemia, but the effect 
was less pronounced. As is shown in Table 1, in six experiments in which 
1-15 mg/kg was injected intraventricularly the mean blood glucose con- 
centration rose from 80 to 115-5 mg/100 ml. in 20 min, but there was no 
further rise such as occurred with the larger dose of barbitone. 


(2) An intraventricular injection of 0-1mM sodium acetate solution, 0-1 ml/ 
kg, made alkaline to pH 8-0 with NaOH, increased the blood glucose 
concentration, but the increase was less than after 2 mg barbitone/kg: it 
was comparable to that after 1-15 mg/kg (see Table 1). The injection of 
this alkaline solution also failed to produce nystagmus or sedation. 


Vasodilatation of the ear occurred within 1 min of the injection of 
2 mg/kg, and persisted for about 1 hr. With smaller doses (0-25—0-5 mg/kg) 


_ the onset of the vasodilatation occurred a little later, and its duration was. 


about 30 min, 

Sedation and ataxia, which preceded the onset of the nystagmus, became 
pronounced within 15-20 min and decreased gradually about 1 hr after 
the intraventricular injection of 2 mg barbitone sodium/kg. At the height 
of the effect, the animal made no movements as long as it was left un- 
disturbed. When lying on its belly, the rabbit could be easily turned on its 
side, without resistance; it then made no effort to return to its former 


position. The rabbit could also be placed on its back, and if lightly sup- — 


ported retained this position, even on further handling. The hind legs could 
be passively extended and flexed without eliciting noticeable muscular 
resistance, but a prompt withdrawal reaction was observed on pinching 
the paws. Some rabbits did not respond to sudden noise, others lifted the 
head momentarily. When induced to move profound ataxia was revealed, 
and the rabbit fell on its side. | 

Nystagmus began within 5-8 min of the injection of 2 mg/kg and lasted 
for up to 20 min. The direction of the nystagmus depended on the position 
of the rabbit’s head. When the head rested on its side, the nystagmus was 
vertical with respect to the rabbit’s head; when the head was upright the 
nystagmus was horizontal, with slow movements usually to the right, that 
is, away from the cannulated side. The nystagmus sometimes began at a 


low frequency which increased during the following 10 min; the maximal 


frequency attained in different animals lay between 20 and 80/min. At the 
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onset the nystagmus was easily suppressed by gentle handling of the 
animal, but later it was persistent. - 

Provided that the tip of the cannula was in the lateral ventricle and that 
the passage from the lateral to the third ventricle was not obstructed, the 
intraventricular injection of barbitone sodium regularly produced nystag- 
mus. Whenever nystagmus failed to occur, either the cannula had per- 
forated the floor of the lateral ventricle and lay in the subarachnoid space 
below the occipital cortex, or the outflow from the lateral to the third 
ventricle was impeded by old blood clot. As a routine test of proper 
cannulation, the effect of an intraventricular injection of 2 mg/barbitone 
sodium/kg was therefore always examined; animals which failed to show 
nystagmus were rejected from all experiments. When 1-15 mg barbitone 
sodium/kg was injected intraventricularly, the nystagmus lasted for a few 


‘minutes only. 


Hyperphagia was seen after intraventricular injection of 0-25—-0-5 mg 
barbitone sodium/kg, if the rabbits had access to food. They regularly 
went to their food boxes 3-7 min after the injection, and ate voraciously 
without pause for 6-12 min. With these small doses of barbitone neither 
nystagmus nor ataxia nor signs of sedation were seen. Following an intra- 
ventricular injection of 1-2 mg barbitone sodium/kg, the rabbits made 
vigorous chewing movements for 15-60 sec, but made no attempt to go to 
the food box; they sat perfectly still, and a few minutes later their heads 
sank on the 


Leptazol 

Leptazol is a central excitor of the sympathetic nervous system, and is 
known to cause hyperglycaemia in rabbits when injected subcutaneously 
in a dose of 40 mg/kg (Bémer, 1930); on intraventricular injection a much 
smaller dose was effective. The intraventricular injection of 1 mg leptazol/ 
kg caused, within a few seconds, violent excitation, characterized by un- 
restrainable rapid running in small circles, usually towards the cannulated 
side. This effect lasted for 5-10 min; during this period there was often 
urination and defaecation. The injection also increased the blood glucose 


- concentration. This was shown in eight rabbits, in which the injection was 


made 2 hr after the intraventricular injection of 2 mg barbitone/kg. At 
the time of the leptazol injection the mean blood glucose concentration was 
94-5 mg/100 ml. Thirty minutes later it had risen to 119-5 mg/100 ml. In 
rabbits with their splanchnic nerves divided this increase did not occur, 
although the behavioural changes persisted. 

These results show that the hyperglycaemia is brought about by a 
central action of leptazol and is mediated by the splanchnic nerves, 


Leptazol can therefore be used to test the success of splanchnicotomy and 
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_. the absence of functional regeneration. This test was applied to each of the 
twelve rabbits with divided splanchnic nerves, in which the intraventricular 
injection of 20 ng adrenaline/kg had produced a hyperglycaemia. In these 
rabbits an intraventricular injection of 1 mg leptazol/kg, given 2 hr after 
the adrenaline, when the mean blood glucose concentration had fallen to 
110 mg/100 ml., did not increase the blood glucose concentration, which 
continued to fall to 102 mg/100 ml. during the following 30 min. | 


240 r- 


Blood glucose concentration (mg/100 ml.) 


80K 
—20 0 +20 + 40 + 60 
Time (min) 


Fig. 2. Responses of blood glucose concentration in three cats, anaesthetized with 
pentobarbitone sodium, to adrenaline 62-5 yg/kg injected at zero time by different 
routes: O—O intraperitoneally ; intraventricularly ; A—A intracisternally. 
Ordinate: time in min. Abscissa: blood glucose concentration, in mg/100 ml. 


When only the right splanchnic nerve had been divided, leptazol still 
increased the blood glucose concentration, and the response was not much 
_ smaller than with both splanchnic nerves intact. In the four rabbits with 
the right splanchnic nerve divided, in which the mean blood glucose con- 
centration had risen from 75 to 98-5 mg/100 ml. 1 hr after the intraventri- 
cular injection of 2 mg barbitone sodium/kg (see p. 129), the mean blood 
glucose concentration fell 1 hr later to 92 mg/100 ml. At this time 1 mg 
leptazol/kg was injected intraventricularly, and 30 min later the mean 
blood glucose concentration rose to 112:5 mg/100 ml. 


| Experiments on cats 
The few experiments so far carried out on cats anaesthetized with pento- 


barbitone sodium have given constant results. Adrenaline 62-5 yg/kg, 
injected either intraventricularly or intraperitoneally, did not affect the 


q ble 
ind 
ill 
uC 
i sol 
: ach 
j 
3 sm 
a A 
AA 
ve 
| be 
| inj 
| 4 pe 
| rat 
Ta 
ba 
Pe 
SO 
gly 
| aft 
pr 
8a 
4 of 
ar 
of 
¥e 
sn 
th 
| 
i 


HYPERGLYCAEMIA INDUCED BY DRUGS 133 


blood glucose concentration ; but the same dose, injected intracisternally, 
induced a pronounced and sustained hyperglycaemia. These results are 
illustrated in Fig. 2. The response to the intracisternal injection of 
adrenaline was not brought about by injury of the medulla, comparable 
to the piqare of Claude Bernard (1858), nor by the low pH of the injected 
solution, since the intracisternal injection of a more acid solution, tartaric 
acid 0-25 mg = 0-1 ml/kg, did not affect the blood glucose concentration. 


| DISCUSSION 

The hyperglycaemia in unanaesthetized rabbits after the injection of a 
small dose of adrenaline into the cannulated lateral cerebral ventricle is 
considered not a central but a peripheral action of adrenaline, following its 
absorption into the blood stream. Bilateral splanchnicotomy does not 
abolish the hyperglycaemia after the intraventricular injection of 
adrenaline. The failure of noradrenaline, injected into the cerebral 
ventricle, to produce hyperglycaemia is also consistent with this conclusion, 
because systemically noradrenaline was only 1/20th of the hyperglycaemic _ 
potency of adrenaline in the rabbit (Schiimann, 1949). Since the magnitude 


and time course of the hyperglycaemia produced by the intraventricular 


injection of 20 wg adrenaline/kg resembles that observed after an intra- 
peritoneal injection of the same dose, absorption, at least of small doses of 
adrenaline, from the c.s.f. is envisaged to occur at approximately the same 
rate as from the peritoneal cavity. 

Unlike the hyperglycaemia produced by adrenaline in unanaesthetized 
rabbits, that following the intraventricular injection of a small dose of 
barbitone sodium or of leptazol is due to a central action of these drugs. 
Part of the effect of barbitone may be attributed to the alkalinity of the 
solution injected and its buffering. These centrally induced hyper- 
glycaemias are mediated by the splanchnic nerves. They are not observed 
after bilateral splanchnicotomy, when intraperitoneal adrenaline still 
produced its hyperglycaemic response. Barbiturates are central depres- 
sants (Tatum, 1939), while leptazol is a central excitant and an antagonist 
of the barbiturates (Thorp, 1947). The fundamental question therefore 
arises, is the centrally induced barbitone hyperglycaemia a manifestation 


_ of an excitatory or of a depressant action? If the latter, this would suggest 


release of a sympathetic centre from an inhibitory influence. | 

The hyperphagia seen in rabbits after the intraventricular injection of 
small doses of barbitone recalls similar observations on cats given chloralose, 
chloral, urethane, MgCl,, or pentobarbitone (Feldberg, 1958). These sub- 
stances produced hyperphagia on intraventricular injection ; with chloralose 
the effect was also seen after intravenous injection in subanaesthetic doses. 
The hyperphagia was associated with profound ataxia, whereas in our 
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experiments on rabbits hyperphagia occurred only with doses of barbitone 
too small to cause ataxia. With larger doses, which made the rabbits ataxic, 
the only remnant of a possible hyperphagia was the vigorous chewing move- 
ments. Feldberg (1959) attributed the hyperphagia in cats to a depressant 
action of the anaesthetic and hypnotic agents on the ventromedial nuclei 
of the hypothalamus. These nuclei are known to exert an inhibitory control 
over the more lateral areas of the hypothalamus, which are considered to be 
the actual ‘feeding centres’ (Anand & Brobeck, 1951). The same explana- 
tion would account for the hyperphagia observed in the rabbit, but it would 
appear that in this species, the ventromedial nuclei are more sensitive or 
more accessible to the intraventricularly injected barbitone than the 
_ neural structures concerned in the production of ataxia. | 

It is common knowledge that in rabbits an intravenous injection of 
pentobarbitone may cause a slight transient nystagmus. In contrast, the 
nystagmus after an intraventricular injection of 2 mg barbitone sodium/kg 
is severe and prolonged. Structures beneath the lining of the lateral 
ventricle can be excluded as the sole site of action of barbitone in pro- 
ducing this effect, since nystagmus does not occur if the passage from the 
lateral to the third ventricle is obstructed. The barbitone probably acts on 
structures beneath the lining of the third ventricle and the aqueduct; 
penetration to some depth would account for the 5-8 min latency between 
the injection and the onset of nystagmus. 

The alteration of the direction of the nystagmus on rotation of the 
rabbit’s head is consistent with the conclusion of Lorente de N6 (1933) that 
nystagmus is a rhythmic reflex conditioned by postural labyrinthine 
stimuli. Szentagothai (1950) has emphasized that many of the vestibulo- 
ocular reflex arcs pass through the reticular formation, which plays an 
essential role in inhibitory responses. The nystagmus following intra- 
ventricular injection of barbitone may therefore be a.release of the rhythmic 
reflex from the inhibitory influences of its reticular connexions, by de- 
pression of structures in the diencephalic and mesencephalic reticular 
formation. Depression of structures in these regions may also be the 
cause of the ataxia and sedation seen after the intraventricular injections 
of barbitone. 

From their experiments on cats Leimdorfer et al. (1947) concluded that 
adrenaline was not absorbed from the c.s.f. because it could be detected in 
this fluid several hours after intracisternal injection; furthermore, they 
did not observe a rise in blood pressure after the injection. However, an 
increase in blood pressure would not be expected if the rate of absorption 
were slow. In cats no quantitative data are available for the absorption of 
adrenaline from the c.s.f., and without such data it is not possible to state 
whether the conditions of absorption differ from those in the rabbit. This 
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seems unlikely, particularly since histamine is absorbed from the c.s.f. of 
the cat at a rate about half that from subcutaneous tissue (Bhawe, 
1958). 

To exert a glycogenolytic action in the cat, much larger amounts of 
adrenaline would require to pass from the c.s.f. into the blood stream than 
in the rabbit. In fact, hyperglycaemia was not obtained in the cat after 
the intraventricular injection of three times the dose given to the rabbits. 


However, when the adrenaline was injected intracisternally it did produce 


hyperglycaemia, which confirms the observation of Leimdorfer et al. (1947). 
As already inferred by these authors, this hyperglycaemia is not due to a 
peripheral action of adrenaline. The adrenaline must act on some structures 
in the brain which are reached in sufficient concentration by injection 
through the atlanto-occipital membrane, but not by injection through the 
cannulated lateral cerebral ventricle. The location of these structures is 
not known. One possibility is the area postrema, which is known to contain 
large amounts of noradrenaline (Vogt, 1954) and to be sensitive to the 
central emetic action of adrenaline (Borison, 1959). Another possibility is 
that adrenaline injected intracisternally reaches the floor of the fourth 
ventricle in much higher concentrations than when injected intraven- 


_ tricularly, and acts on structures in this region, perhaps those involved in 


the piqire diabetes of Claude Bernard (1858). Yet another possibility is 
that the site of action of the adrenaline is outside the fourth ventricle, in 
some superficial area of the medulla oblongata or of the upper cervical cord. 
This problem requires further investigation. 


SUMMARY 


1. In unanaesthetized rabbits adrenaline 20 »g/kg injected into the 
lateral cerebral ventricle produced hyperglycaemia, which was not 
abolished by bilateral splanchnicotomy, and which was attributed to 
absorption of the adrenaline from the c.s.f. into the blood stream. The rate 
of absorption was comparable to that from the peritoneal cavity, since a 


similar hyperglycaemia was obtained after intraperitoneal injection of the 


same dose of adrenaline. 

2. In unanaesthetized rabbits the intraventricular injection of L-nor- 
adrenaline 20 yg/kg had no effect on blood glucose.’ 

3. In unanaesthetized rabbits intraventricular injection of barbitone 
sodium 0-25-0-5 mg/kg caused vasodilatation of the external ear and 
hyperphagia; the intraventricular injection of 2 mg/kg produced flushing 
of the ears, sedation, ataxia, nystagmus, and hyperglycaemia. The hyper- 
glycaemia was due to a central action; it did not occur after bilateral 


-splanchnicotomy. 


4. In unanaesthetized rabbits the intraventricular injection of leptazol 
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1 mg/kg produced a hyperglycaemia of central origin which was abolished 
by bilateral splanchnicotomy. 


5. In cats, anaesthetized with pentobarbitone sodium, a dose of — 


adrenaline 62-5 ug/kg did not produce hyperglycaemia when injected 
either into the cannulated lateral cerebral ventricle or intraperitoneally, 
but induced hyperglycaemia when given intracisternally, suggesting an 
action on some structures which are reached in sufficient concentration 
by this route but not by intraventricular injection. 
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Investigations by several authors appeared to show that no appreciable 
amounts of corticosteroids are present in the cell fraction of adrenal venous 
blood (Bibile, 1953) or in peripheral human blood (Eik-Nes, Nelson & » 
Samuels, 1953; Migeon, Sandberg, Decker, Smith, Paul & Samuels, 1956; 
Bush, 1957). This view has been generally accepted and as a result most of 
the estimates of the secretory capacity of the adrenal cortex have been 
carried out by studying the steroid content of the plasma alone. There are, 
however, hints in the literature that corticosteroids might become asso- 
ciated with the blood cells (Peterson, Wyngaarden, Guerra, Brodie & 
Bunim, 1955; Bush, 1957). 

Studies on the secretion rate of aldosterone are made difficult by the 
very low concentrations of this steroid in adrenal venous plasma. It 
seemed, therefore, desirable to examine the possibility that some aldo- 
sterone was associated with the cells. A sample of adrenal venous blood 
was divided into two equal portions. One of these was centrifuged and the 
plasma and cells were extracted separately. The other portion was ex- 
tracted as whole blood. The experiment showed that some aldosterone was, 
in fact, extracted from the cells, so that by using plasma alone a valuable 
source of aldosterone was wasted. It also showed that the estimate of 
aldosterone in the whole-blood sample was approximately three times as 
large as the sum of the estimates of aldosterone in. the separated plasma 
and cell fractions of the same blood. This suggested that the method of 
extraction used broke down when applied to the closely packed cell fraction. 

These observations have been followed up and the experiments have 
been extended to include estimations of corticosterone and cortisol. 


METHODS 


Operative procedures 
_ Mongrel dogs were anaesthetized with ether followed ky. chloralose (70 mg/kg 1.V.). The 
‘left adrenolumbar vein. was exposed by an abdominal mid-line incision and cannulated 
* Present address: A.R.C. Institute of Animal Physiology, Babraham, Cambridge. | 
_t Beit Memorial Research Fellow. 
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lateral to the adrenal gland, after tributaries other than those coming from the adrenal gland 
had been tied. Heparin (500 u./kg) was injected intravenously. The adrenal vein was ligated 
at its point of entry into the vena cava. Adrenal venous blood was collected over periods of 
20-150 min in polythene centrifuge tubes or glass cylinders immersed in ice-water. 

When homologous blood or dextran was infused in the course of the experiment the dog 
received a preliminary intravenous injection of mepyramine maleate B.P. 5 mg/kg. This 
was done in order to try to prevent sudden falls in blood pressure. and loss of plasma or 
dextran into the tissues. Bliss, Johns & Burgen (1959) and Remington & Baker (1959) have 
reported that dogs are often intolerant of homologous blood; oedema, loss of plasma from 
the circulation and prolongation of bleeding and clotting times may result from such 
infusions. Some of these effects are antagonized by mepyramine, but the improvement 
achieved is very variable. 

Rat blood was collected under Guaictiathibons anaesthesia (1 of solution, 45 mg/kg, 1.P.), 
guinea-pig blood under sodium barbitone (15% solution, 600 mg/kg, 1.P.), rabbit blood under 
urethane (25 % solution in 0-9% NaCl, 7 ml./kg, 1.v.). 

Rat and guinea-pig adrenal venous blood was collected from the left renal vein after 
tying off the renal pedicle and all veins not coming from the adrenal. The guinea-pig was 
previously eviscerated. The rabbit was eviscerated and blood was collected from the inferior 
vena cava caudal to the entry of the right and left renal veins. The renal veins and arteries 
and the abdominal aorta were tied and the vena cava was oociuded 4 at the level of the 
diaphragm (Vogt, 1955). 

Chemical procedures 


Solvent purification. Ethyl acetate was shaken once with a 1% solution of sodium 
carbonate and twice with water, dried over CaCl, and distilled twice. Methanol was distilled 
once from solid NaOH and redistilled. Ether was redistilled immediately before use. 

Extraction. One volume of blood or plasma was diluted with one volume of water and 
extracted three times by shaking vigorously with two volumes of a mixture of ethyl acetate- 
ether 2:1 (v/v). Blood cells were first extracted in the same way. When this proved unsatis- 
_ factory they were diluted with three volumes of water instead of one. The amount of ethyl 
acetate-ether mixture used for each extraction was then four times the volume of the 
packed cells. 

Purification of extracts. The purification procedure was similar to that described by Bush 
(1952) and by Holzbauer (1957). The combined extracts were washed consecutively with 
1/8 of their calculated volume of a 0:2N solution of Na,CO,, water and acidified water (10 
drops of glacial acetic acid/100 ml.). The combined washings were twice re-extracted with 
1/4 of their volume of the ethyl acetate-ether mixture. The washed extracts were dried with 


Na,SO,, decanted off and evaporated to dryness under reduced pressure at 50°C. For this © 


purpose the flask was clamped into a device which was kept in slow rotating motion by a 
motor. The ethyl acetate-ether used to re-extract the washing solutions was poured over the 
Na,SO, deposit, decanted and added to the main extract for evaporation. The dry residue 
of the combined extracts was then freed from fats by distribution between petroleum ether 
(b.p. 40-60° C) and ethanol. The volume of petroleum ether was 60 ml.; it was extracted 
once with 6 ml. and three times with 3 mi. of 80% ethanol. The ethanol was evaporated 
én vacuo in two portions from a 150 ml. round-bottom flask, with fresh petroleum ether 
added to reduce the often very troublesome frothing. The phospholipids were precipitated 
from acetone with MgCl,, precisely as described before (Holzbauer, 1957). 


Chromatography | 

All chromatograms were run at 27° C on Whatman No. 2 paper. The steroid spots were 
located on the developed papers by scanning in front of an U.V. lamp emitting at 240 mp. 
The papers carried markers of pure steroids on each side. 

Aldosterone, first chromatogram. After evaporation of the acetone the extract was dissolved 
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in 2 ml. ethanol and 1/20 of this solution removed for the estimation of cortisol and cortico- 
sterone. The remainder was evaporated to dryness, dissolved in 0:4 ml. dichloromethane 
and applied along a 5 cm horizontal line to a paper sheet, 22-5 cm wide. Two washings of 
0:2 ml. CH,Cl, were applied to the same region. A descending chromatogram was then run 
in the E,B system of Eberlein & Bongiovanni (1955) which consists of petroleum ether 
(b.p. 80-100° C): tertiary butanol: water, 417:208:375 (v/v). In this system corticosterone 
has the highest Rp value, followed by cortisone and cortisol. The Rp value of aldosterone is 
somewhat smaller still than that of cortisol. Adrenal vein blood, however, contains so much 
cortisol that it invades the aldosterone region. (If 400 yg cortisol and 10 wg aldosterone 
were applied in this way, making sure that the area in which the two steroids were applied 
did not exceed | cm in the direction of the flow of the solvents, the small aldosterone spot 
could be clearly distinguished from, though it was touching, the large spot of cortisol.) For 
elution, rectangles of about 9 x 12 cm containing the aldosterone, contaminated by cortisol, 
were cut from the paper. | 

Aldosterone, acetylation. In order to separate aldosterone from cortisol the eluate was 
acetylated. The dried residue of the eluate was dissolved in 0-04 ml. of pyridine (purified by 
refluxing over BaO and distilling twice), 0-16 ml. of acetic anhydride was added and the 
samples were incubated for 2 hr in a water-bath at 60°C. Under these conditions aldo- 
sterone is transformed into its diacetate, whereas cortisol forms only a monoacetate, which is 
much more polar than the aldosterone diacetate. After acetylation the reagents were driven 
off in vacuo, care being taken that no traces were left behind. 

Aldosterone, second chromatogram. The residues of the acetylation were dissolved in 0-3 ml. 


followed twice by 0-15 ml. of dichloromethane, and applied to paper. On each sheet there 


were two 8 cm lanes for the samples, and on each side a lane of 2:5 cm for the markers. The 
lanes were separated by 0-5 cm cut out strips. The samples were applied to the second 2 cm 
of the 8cm starting line and run in a modified Bush B, system. The original B, system 
separates aldosterone diacetate and cortisol monoacetate well, but was sometimes found too 
fast for an over-night run. The speed of travel of the aldosterone diacetate was therefore 
decreased by changing the ratio of the solvents slightly in favour of the petroleum ether. 
The mixture finally used consisted of petroleum ether: benzene :methanol :water, 375:125: 
400:100 (v/v). In this system the spots of aldosterone diacetate are usually wide and large 
areas of the paper (8 x 9 cm) have to be eluted for quantitative recovery. This would cause 
high paper blanks if the final colorimetry were done on these eluates. Furthermore, small 
amounts of substances reacting with ‘blue tetrazolium’ were sometimes present close to the 
aldosterone diacetate region. Therefore the eluate of the aldosterone diacetate region was 
subjected to a third chromatographic procedure. : 
Aldosterone, third chromatogram. The eluates of the B, chromatogram were evaporated 
and the residues dissolved in 0-3 ml., followed twice by 0:15 ml. of dichloromethane and 
applied to washed papers (see below) as 1 cm? spots on 3 cm wide lanes which were separated 
by 0-5 em cut out strips. Each sheet of paper consisted of seven such lanes; one at each end 
was used for the markers and two or three lanes served as paper blanks. Care was taken that 
the extracts did not reach the edges of the lanes. In order to reduce the blanks, papers used 
for this chromatogram were washed for 72 hr at room temperature. They were set up in tanks 
as for a descending chromatogram. For 24 hr the mobile phase of the modified A system 
(see below) was allowed to run over them. They were then transferred to a second tank 
where they were washed with a mixture of ethyl acetate-methanol 2:1 (v/v) for 48 hr. This 
is the mixture used for all elutions. 
Bush’s system A was used for the third chromatogram, but a little benzene was added in 
order to speed it up. The mixture thus consisted of petroleum ether (b.p. 80-100° C):ben- 
zene :methanol: water, 475:25:400:100 (v/v). During a 40 hr run in this system the aldo- 
sterone diacetate usually travelled 8-10 cm from the origin. The spots were discrete and not 
more than 20 cm? of paper had to be eluted. An additional advantage of running a third 
chromatogram is that the order in which the acetylated steroids run is not the same as In the 


und 

ted fj 

3 of | 

og | 
his | 
or | 
ave 

om 
ich 
ant ; 

ler | 
ter 

as 
ior 
ies 
he | 
im 
ed | 
nd 

is- 

yl § 

he 

sh 

th 

10 

th 

th 
11S 

a 
ne i 

1e 

er 

i 
er 

q 

rt 

16 j 


140 MARGARETHE HOLZBAUER AND MARTHE VOGT 


preceding system. In thé B, system aldosterone diacetate runs a little faster than cortico- 
sterone monoacetate, whereas in the A system it runs more slowly. Though corticosterone 
monoacetate is not present in the extracts (corticosterone having been wholly removed 
in the first chromatogram), other impurities may behave in a similar way. We were, in fact, 
able to find occasionally an U.V.-absorbing substance contaminating the aldosterone 
_ region in the second chromatogram, but well separated from the aldosterone in the third. 
This substance did not react with blue tetrazolium. 

Corticosterone and cortisol. Samples of up to 10 ml. of blood, plasma or cells of all species 
were extracted as described earlier for aldosterone. The residues of the final acetone extracts 
were applied to paper dissolved in 0-4 ml. dichloromethane. Whenever large samples of 
adrenal vein blood of the dog were worked up for aldosterone, one twentieth of the last 
ethanolic extract (see p. 138) was applied to paper for the estimation of cortisol and corti- 
costerone. Each solution was applied in a 1 cm? area to 2 cm lanes, separated by 4 cm cut 
out strips. Every sheet of paper had one or two blank lanes. On the two outermost lanes 
10 ug control spots of cortisol and corticosterone were applied. A descending chromatogram 
was run in the solvent system, methanol :water:benzene, 275:225:500 (v/v) (B,a; Bush & 
Sandberg, 1953). | 


Elution 


A solvent mixture which is used to elute a substance from paper will be most efficient if 
the substance to be eluted travels with the front of the solvent mixture. Corticosteroids do 
this in a mixture of ethyl acetate-methanol 2:1 (v/v). This mixture was used for all elutions. 

Aldosterone. The paper strips to be eluted from the aldosterone chromatograms were too 
largo for the tubular eluters (see below). Therefore one edge of each paper strip was cut to a 
point. The other edge was inserted to a depth of 0-5-1 cm between two glass slides held 
together by a cotton or nylon thread. Rubber bands have to be avoided. The protruding 
portion of the paper strip was bent sharply over the edge of the slides, so that it hung 
vertically when the glass slides were stood in small glass troughs containing the eluting so!- 
vents. The eluate was collected in 10 ml. test tubes with ground-glass necks. The elution 
troughs and collecting tubes were fixed to stands which were placed in glass tanks. The walls 
of these tanks were lined with thick blotting paper which was soaked in the eluting mixture. 
The lid of the tank was sealed on with glycerine-starch paste. In order to achieve speedy 
and complete elution the tanks have to be saturated with the solvent. As the steroids trave! 
with the front of the elution mixture, more than 80% are contained in the first drop of 
eluate. The elutions were usually allowed to run for 2 hr, when about 0:5 ml. of solvent had 
collected. Before putting the stopper on the elution tubes the necks had to be washed down 
carefully. 

For recovery experiments quantities between 0-2 and 10 yg of different steroids were 
applied on 9x5 cm? paper ni and eluted. In thirty observations a mean recovery 
of 92% was obtained. 

Corticosterone and cortisol. 6-7 cm long strips were cut out and eluted in small tubular 
glass eluters devised by Saffran & Sharman (1960). 


Colorimetry 


All steroids were estimated quantitatively by their colour reaction with blue tetrazolium 


in alkaline medium. The details for the determination of corticosterone and cortisol have — 


been described previously (Vogt, 1955; Holzbauer & Vogt, 1957). 

For the estimation of small amounts of aldosterone present in adrenal venous blood of the 
dog this method had to be modified by reducing the amount of some of the reagents. The 
dry residues of the final eluates were dissolved in 0-45 ml. of 95 % ethanol (prepared. to be 
free from aldehydes) and 0-04 ml. of a freshly made 1-25 % solution of tetramethy]- or 
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yl-ammonium hydroxide in 95% ethanol was added, followed by 0-05 ml. of a 
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freshly prepared 0-05% solution of blue tetrazolium (Gury) in 95 %, ethanol. The solutions 
were well mixed, the tubes stoppered, and incubated in the dark for 1 hr at 23-5° C in a 
water-bath. The reaction was interrupted by adding 0-04 ml. of a 10 % solution of acetic acid 
in 50% ethanol. The intensity of the developed colour was read against ethanol in the micro- 
cells of a Unicam spectrophotometer at a wave-length of 520 my. A standard solution was 
prepared from piL-aldosterone monoacetate (Ciba, ampoules of 1 mg/ml. 95% ethanol) by 
further acetylation to the diacetate. The contents of one ampoule were evaporated to dryness, 
taken up in 0-1 ml. of pyridine followed by 0-4 ml. of acetic anhydride and incubated at 
60° C for 2 hr; the reagents were then driven off in vacuo. The residue was dissolved in 1 ml. 
absolute ethanol and stored at — 16° C. The aldosterone diacetate i in this solution ran as one 
spot in two different chromatographic systems. 

A standard curve was calculated from thirty observations obtained on different days with 
amounts of aldosterone ranging from 0-5 to 8 yg. A straight line was obtained which ran 
through the origin and gave the conversion factor y/x of 0-073. The standard deviation from 
this calculated line is +0-018, which corresponds to +0-25 ug aldosterone monoacetate. 
Within one set of observations on any one day, however, amounts differing by 0-25 yg can 
be distinguished with confidence, as it is the whole set of estimations which may shift some- 
what from day to day. For the special purpose of comparing different samples from one 
animal, the error is smallest if all estimations are done on the same day. The reagent blanks 
were equivalent to about 0-23 yg. ; 

The samples which were eluted from the third chromatogram were read against paper 
blanks taken from other lanes of the same sheet of paper. Samples which had to be com- 
pared with each other were preferably run on the same sheet. The mean intensity of the 
colour reaction given by 51 paper blanks corresponded to 1-1 yg of aldosterone monoacetate 
with a standard deviation of +0-36 ug. This included the reagent blank. The blanks have 
recently been reduced to 0-8 yg by the use of glass-distilled water for the solvent mixtures. 
The mean difference between two blanks from two separate lanes of the same paper corre- 
sponded to 0-:17+0-17 yg of aldosterone monoacetate. 


Identification 
The identification of the aldosterone was limited to the Rr values in three different 
chromatographic systems and its sulphuric acid chromogen. 


Recovery of steroids added to arterial blood 

Aldosterone. For recovery experiments a sample of crystalline DL-aldosterone was dis- 
solved in absolute ethanol and amounts containing 5 yg pipetted off into ampoules. These 
were freeze-dried, sealed and stored at —15° C. The following recovery experiments were 
carried out. 
(1) Two samples of 5 pg aldosterone were acetylated and run in the modified B, and the 
modified A system. From both samples 4:5 ng were recovered. 
{2) Two samples of 5 yg aldosterone were applied to paper, run in the E,B system, acety- 
lated and then run in the — B, and in the modified A system. 4:5 and 4-1 ug were 
recovered. 
(3) Blood was collected from the carotid artery of a dog under ether anaesthesia and kept 
in the refrigerator during the night. On the following morning it was well mixed and divided 
into six 100 ml. portions. Aldosterone 5 yg was added to two blood samples which were then 
extracted. Another two samples were first extracted and the aldosterone added to the 
unwashed ethylacetate extracts. The remaining two samples were used as blanks. No aldo- 
sterone was detected in these two samples. From the 5 ug aldosterone added.to each of the 
other four samples 3 ug were recovered in each case. A similar experiment was carried out 
using three 100 ml. arterial blood samples of another dog. 5 pg aldosterone was added to 
two samples. The third was used as a control and no aldosterone was detected in it. Extrac- 
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tion, purification and chromatography of one sample were completed in 5 days. The sample 
was on paper for approximately 75 hr. 2-9 ug aldosterone was recovered. The final estima- 
tions for the other sample were carried out after 9 days, the extracts having been on paper 
for approximately 130 hr. Only 2-1 ug was recovered. Thus, losses of added aldosterone in 
the course of the chromatographic procedures are seen to be of the order of 15%, provided 
delays are avoided. 25% is lost in the preceding purification procedure. Evidence for 
losses of added aldosterone during the extraction was not obtained. 

Cortisol and corticosterone. Recovery experiments for cortisol and onttinoatarone added 
to small amounts of plasma and extracts of adrenal tissue have been described previously 
(Vogt, 1955; Holzbauer, 1957). Two experiments were carried out in which 200 yg corti- 
costerone and 200 ug cortisol were added to 200 ml. of dog’s arterial blood. The samples 
were extracted and purified as described above and from each sample an aliquot of 1/20 was 
subjected to chromatography in Bush’s system B,a. 7:8 and 8-2 yg of cortisol and 8-2 and 
10-3 pg of corticosterone were found; this is a mean recovery of 86%. The amounts of 
cortisol and corticosterone which can be expected in 1/20 of 200 ml. dog’s arterial blood are 
below the threshold of the colorimetric method (< 1 yg). 


Efficacy of the extraction as applied to adrenal venous blood 


An experiment was carried. out in which three different methods for the extraction of 
cortisol and corticosterone from a sample of dog’s adrenal venous blood were compared. 
A 5 ml. portion was diluted with an equal volume of water and extracted three times with 
two volumes of the ethyl acetate-ether mixture. A second sample was diluted with three 
volumes of water and extracted three times with four volumes of the ethyl acetate-ether 
mixture. A third sample was diluted with one volume of water and extracted three times 
with two volumes of chloroform, shaking 100 times by hand as with ethyl acetate. The 
following estimates for cortisol (F) and corticosterone (B) were obtained: 

Sample 1; 17:3 ug F and 9-2 yg B. 
Sample 2; 18-3 wg F and 9-3 yg B. 
Sample 3; 16-5 pg F and 8-5 yg B. 


The chloroform extract was more difficult to handle because of the formation of cliiclione. 
The results did not suggest that’ any of the modifications of the usual extraction procedure 
constituted an improvement. 

Before analysis, the samples used for the experiment had been kept for 9 days at +4° C. 
Another sample of the same blood had been analysed (by the first method) on the day of 
collection. The amount of steroids found was 18-4 yg F and 9-3 yg B. Thus standing for 
9 days at + 4° C did not cause any appreciable loss of steroids. 

In another experimient the possibility was tested that there was hydrogen bonding 
between steroids and blood proteins, which might prevent their extraction with organic 
solvents. To 87 ml. of adrenal venous blood of a dog 87 ml. of water was added, extraction 
was carried out as usual with three portions of ethyl acetate-ether, and aldosterone, cortisol 
and corticosterone were estimated in the extract. To the remaining blood-water mixture 
another 87 ml. of water was added, and the mixture acidified to pH 2 by the drop-wise 
addition of concentrated HCl with constant stirring. This mixture was extracted three times 
with 260 ml. ethyl acetate-ether and the combined extracts were prepared as usual for chro- 
matography. The haemin formed by the addition of HCl was extracted with the organic 
solvents, but most of it was removed by washing the extracts twico instead of once with 
1% Na,CO,. The bulk of the extract was used for the determination of aldosterone, and 
1/20 for the estimation of cortisol and corticosterone. In the neutral extract 3-45 pg aldo- 
sterone were found, and in the acid extract an additional 0-4 yg aldosterone. This figure lies 
at the threshold of the method and is not very accurate. In 1/20 of the neutral extract 
11-5 yg cortisol and 5-9 ug corticosterone were found. None (< 1 yg steroid) could be 
detected in 1/20 of the acid extract. However, in the E,B chromatogram of the larger por- 


en 


tio 
| U. 
ne 
: mi 
5- 
acc 
Ts 
10. 
650 
57 
( 
b 
A 
S 
C 
¢ 


CORTICOSTEROIDS IN PLASMA AND BLOOD CELLS 143 
dle tion (19/20) of the acid extract which was used for the estimation of aldosterone, there were 
1a U.V.-absorbing spots which had the Rp values of cortisei, cortisone and corticosterone. 
er Their intensity corresponded to approximately 10 yg stecoid or 5-10 % of the content of the 
in neutral extract. From these results it was concluded that acidifying the blood-water 
ed mixture before extraction with organic solvents would, at best, increase the steroid yield by 
or 5-10%. As it was more difficult to purify such extracts it was decided not to acidify and to 
accept the small loss. 
ed 
ly RESULTS 
wt - Corticosteroids in the cell fraction of adrenal venous blood of the dog 
as Adrenal venous blood was collected from four dogs (50, 51, 54 and 57, 
. Table 1) over different periods of time into tubes kept in ice-water. At the 
- | end of the collection the blood of each dog was divided into two portions. 
| TaBLE 1, Extraction of steroids from fractions of adrenal venous blood 
-of the dog. One volume of water only was added to each fraction 
of : % of calculated* amount 
d Collec- Total Volume of fractions Steroid found (yg) extracted from cells 
th Dog time collected _—individually Aldo- Cortico- Aldo-. Corti- Cortico- 
no. (min) (ml.) (ml.) sterone Cortisol sterone sterone .sol_ sterone 
or 50 70 560 Whole blood 280 6-8 304 224 — =r sia 
es Plasma 132 1-2 194 124 
ii Cells 148 1-0 126 90 18 114 90 
51 70 312 Whole blood 156 5-0 284 236 -—- — — 
Plasma 70 0-7 106 116 — 
Ce 86 1-2 98 84 28 55 70 
54 90 202 Whole blood 101 3-5 382 244 — — — 
Plasma 48 0-9 184 138 
ms Cells 53 0-2 168 122 8 85 115 
re 57 75 363 Whole blood 121 3-2 354 184 — _ — 
Plasma 113 2:9 364 208 
‘ Cells 129 2:3 364 104 66 106 65 
of | The volumes extracted as whole blood are one half (dogs 50, 51 and 54) or one third 
r (dog 57) of the total. 


* The calculated amount is the difference between the quantity of a steroid found in whole 
g . blood and that found in plasma. 


2 § One portion (one half of the total in dogs 50, 51 and 54, one third in dog 57) 
. was extracted as whole blood. The other portion was centrifuged for 
15min (g = 2200) and plasma and cells were extracted separately. To each 
s | sample an equal volume of water was added and estimation of aldosterone, 

- |  gorticosterone and cortisol carried out as described under Methods. The 

4 results (Table 1) show that in all four dogs the three steroids were ex- 
' tracted not only from the plasma but also from the cells. The amounts of 

- * aldosterone extracted from the samples of whole blood were up to three 
s times larger than the amounts extracted from the same volume of blood 
* after its separation into plasma and cells. In the estimates of cortisol and 
corticosterone this discrepancy was smaller or absent. 


Bes 
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The next step was to try and determine the reason why, as just shown, 
aldosterone seemed to be more easily extracted from cells diluted with 
plasma than from packed cells. In the first experiment of Table 2 (dog 53), 
packed cells from adrenal blood were diluted with arterial plasma. Of the 
370 ml. adrenal venous blood collected, one third was extracted as whole 
blood; two thirds were centrifuged and 106 ml. plasma and 140 ml. cells 
obtained. Each of these fractions was divided into two equal portions. 


TABLE 2. Extraction of steroids from fractions of adrenal venous blood of the dog. 
Comparison of yield from packed cells lysed with one or with several volumes of water 


% of calculated* amou 


Volume of 


fractions of water 


extracted 


time collected individually diluent) ‘Aldo- 


(ml.) 
Whole blood 123 
Plasma 
Plasma 63 
Cells 2 
Cells 70 2-5t 
Whole blood 238 1 
Plasma Eis. 
Cells 60 1 
Cells 60 3 
1 
l 


Whole blood 76 
Plasma 76 
Cells 76 


The volumes extracted as whole blood are one half (dog 56) or one third (dogs 53 and 66) 


* The calculated amount is the difference between the quantity of a steroid found in whole 
blood and that found in plasma. f values too near the threshold of the method to be 
accurate (glucocorticoids estimated in 1/20 of the whole extract). { 53 ml. arterial plasma 


and 123 ml. water. 


The whole blood sample (123 ml.), the two plasma samples (53 ml. each) 
and one cell sample (70 ml.) were extracted after the addition of equal 
volumes of water. To the second cell sample (70 ml.) 53 ml. of peripheral 
plasma of the same dog was added followed by 123 ml. of water. According 
to Table 2, 5-5—3-0 ug = 2-5 wg aldosterone should have been found in 
the cell fraction, but only 1 yg or 40% of the calculated quantity was 
extracted from the packed cells. When, however, the cells were diluted 
with plasma and a larger volume of water before extraction, 2:4 ug or 
94°% of the calculated value was found. No aldosterone (< 0-2 ug) was 
found in 53 ml. arterial plasma extracted separately. 

In order to determine whether the beneficial effect of adding plasma to 
cells was simply that of suspending the cells in a larger volume of a watery 
phase, the experiments on dogs 56 and 66 were carried out. In dog 56 the 
collected blood was divided into two equal portions. One of these portions 


Steroid found (yg) extracted from cells 


w 


=6vVolume 
Collec- Total 
Dog Corti- Cortico- Aldo- Corti- Cortic 
no. min mil. sverone sol sterone  sterone sol __stero 
53 «135 369 148 88 
4 68 64 — 
: 42 36+ 39 53 128 
— — 94 
56 180 476 l 932 578 — — oe 
426 328 — 
118 100 59 47 80) 
294 160 78 116 128) 
66 228 194 68 
| 214 72 100 117 1125 
of the total. : 
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was centrifuged and the cell fraction so obtained again divided into two 
halves. To the whole-blood portion, to the plasma separated from the cell 
fraction, and to one portion of the packed cells was each added one volume 
of water. Three volumes of water were added to the other portion of cells. 
The results (Table 2) show that suspending the cells in a larger volume of 
water increased to 78 % of the calculated value the amount of aldosterone 
that was extracted from the cells. In dog 66 one third of the blood col- 
lected was extracted as whole blood. The remaining two thirds were 
separated into plasma and cells. As before, one volume of water was added 
to the whole blood sample and to the plasma sample, and three volumes of 
water were added to the cell fraction. In this instance, the whole of the 
calculated amount of aldosterone was extracted from the packed cells. 


Distribution of corticosteroids between cells and 
plasma in adrenal venous blood of dogs 
Table 3 lists the concentrations of steroids found in plasma and cells of 
15 samples of adrenal vein blood from eleven dogs. In some cases the con- 
centration in the cells was calculated by difference from estimates in whole 
blood and in plasma. Figure 1 illustrates the ratios of concentration in 


plasma over concentration in cells for the three steroids. The ordinate is — 


on a logarithmic scale. In samples collected for 75-135 min there is usually 
much more aldosterone in the cells than in the plasma. Cortisol is nearly 
equally distributed between the two phases. Corticosterone is always 
found in higher concentrations in the plasma though the excess in plasma 
is occasionally quite small. It can also be seen that the distribution of the 
three steroids between plasma and cells varies independently from dog to 
dog. There is also no consistent relation to the collection time. 


Uptake of steroids by the cell fraction 
Standing at +4°C : 


Aldosterone. This experiment was designed to test the time course of the 
uptake of aldosterone by the cells at + 4° C. An adrenal blood sample of a 
dog was collected into polythene tubes immersed in ice-water. Each tube 
was placed into the centrifuge and spun exactly 20 min after the start of 
the collection. Within 2 hr 185 ml. plasma and 195 ml. blood cells had: 
been collected. Two fifths of the plasma and two fifths of the cell sample 
were extracted immediately. The remaining three fifths of each sample 
were recombined and kept in the refrigerator (+4° C) for 120 min. The 
sample was shaken several times. Then it was spun and two thirds of the 
plasma and two thirds of the cell fraction were extracted separately. The 
remaining thirds of each fraction were re-combined and extracted as whole 


_ blood as a further check on the methods. The results are shown in Table 4. — 
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After short contact between plasma and cells only about one third of 
the total aldosterone was found in the cell fraction. After a contact of 
more than 2 hr, over 70% of the aldosterone had attached itself to the 
3 cells. There was no loss in the total amount of aldosterone during the time 
of the experiment. 

In addition to the time during which cells and plasma are in contact, 
there must be other factors which influence the uptake of aldosterone by 


TaBLE 3. Distribution of steroids (yg/ml.) between plasma and cells in 
adrenal yenous blood of the dog 


Collection Blood 3 
Dog no. time(min) fraction Aldosterone Cortisol Corticosterone 


70 Plasma 0-009 1-47 0-94 
Cells 0-038 0-74 0-68 
51 70 Plasma 0-009 1-52 1-66 
Cells 0-052 2-07 1-40 
53 135 Plasma 0-055 1-30 1:13 
Cells 0-038 1-13 0-40 
54 90 Plasma 0-019 3°84 2-88 
Cells 0-050 3°74 2-00 
558, 90 Plasma 0-023 2:97 1-46 
Cells 0-035 2-28 1-40 
558, 60 Plasma 0-057 — — 
Cells 0-083 — 
56 90 Plasma 0-012 3-61 2-78 
Cells 0-096 4-22 2-08 
57 75 Plasma 0-026 3-22 1-84 
Cells 0-027 2-67 1-24 
60 75 Plasma 0-026 41-01 0-93 
Cells 0-039 0-84 0:47 
: 608, 75 Plasma 0-045 1-97 1-59 
Cells 0-090 1-82 0-42 
61 75 Plasma 0-038 2-16 1-77 
Cells 0-035 2-25 1-50 
618, 66 Plasma 0-114 5-32 3°78 
Cells 0-024 1-22 
62 75 Plasma 0-057 3-93 2-79 
Cells 0-025 3°35 1-73 
64 75 Plasma 0-012 4-00 2-91 
Cells 0-062 5-05 1:26 
648, 75 Plasma 0-025 9-88 3-94 
Cells 0-154 6-58 1:07 
Mean concentration Plasma 0-035 3:30 2:17 
Cells 0-057 2-85 ‘1:21 


concentration in cells 


TaBLE 4, Migration of aldosterone from plasma to cells in adrenal 
venous blood of the dog on standing for 2 hr at + 4° C 
Time of contact Aldosterone 


between plasma Volume —, Conen. in plasma 
Fraction and cells (min) (ml.) (pg total) (ug/ml.) Conen. in cells 


~ Plasma 1-20 74 1-61 0-0218 2-09 
Cells 1-20 78 0-81 0-0104 
Plasma 121-140 75 0:67 0-:0089 0-40 
Cells 121-140 76 1-67 0-0220 
Whole blood — 76 1-24 — —- 
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the cells. This can be seen from Fig. 1. Sample 1 of dog 56 and sample 2 of 
dog 61 were centrifuged after approximately the same time of standing in 
ice-water. The cells of sample 56, contained the largest relative amount of 
aldosterone, those in sample 61, the smallest, ever observed in our experi- 


ments, 


Collection time (min) 
90 75 70 75 70 90 75 90 75 60 7575135 75 66 


Corticosterone 


Cortisol 


Aldosterone 


56 64,51 64 50 54 60,55 60 55,57 61 53 62 61, 
Dog No. ; 

Fig. 1. Distribution of corticosteroids between plasma and cells of adrenal venous 

blood from the dog. Each bar represents the ratio (concentration in plasma): 

(concentration in cells) of a single sample. Different samples from the same dog 

are distinguished by the numeral below the dog number. Logarithmic ordinate 

scale, 


- Corticosterone and cortisol. Table 5 illustrates the corresponding experi- 
ment on the uptake by blood cells of corticosterone and cortisol. Dog 
adrenal venous blood was collected for 15 min into an ice-cooled polythene 
centrifuge tube and spun. Two fifths of the plasma and two fifths of the 
cell fraction were extracted immediately. The remaining three tthe 
of each sample were recombined, allowed to stand for 2 hr at +4° ©, 


spun, two thirds of each fraction were extracted separately, and bog two 
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Taste 5. Cortisol and corticosterone in plasma and cells of adrenal venous 
blood of the dog before and after standing for 2 hr at +4°C 


Time of contact 
between cells Volume Cortisol — Corticosterone 
Fraction and plasma (min) (ml.) (ug) (ug) 
Plasma 1-15 8-4 24-9 16-5 
Cells 1-15 7-0 18-7 9-9 
Plasma 121-135 8-4 21°5 15-7 
Cells 121—135 7-0 22-5 11-6 
Whole blood — 20-1 13-2 


remaining thirds combined and extracted together. The results are listed in 
Table 5..They show that the distribution of corticosterone and cortisol 
between plasma and cells has not significantly changed on standing. 


In vivo distribution of cortisol and corticosterone between 
plasma and cells 
Two sets of experiments were carried out in order to obtain information 
as to whether the distribution of the steroids between cells and plasma 


observed in the cooled, shed blood samples is also that existing in vivo, or is 
an artifact. 


Collection at body temperature. It was possible that the entry of steroids 
into the cell fraction was favoured by cooling the blood as soon as it left 
the body. An experiment was carried out in which adrenal venous blood 


_ from a dog was collected over a period of 5 min in a polythene centrifuge 


tube, which was immersed in a water-bath of + 37° C and gently shaken. 
The sample was spun immediately after the end of the collection. A second 
sample was then collected in a tube kept in ice-water and not shaken. It 


- was also spun immediately after the 5-min collection period. The plasma 


and cell fractions were extracted separately and cortisol estimated. From 
the sample collected at +37°C, 24 ug cortisol was extracted from the 
plasma and 22 wg from the cells.. From the sample collected at. + 2° C, 
22 wg cortisol was extracted from the plasma and 23 yg from the cells. 


The short period of cooling had obviously not modified the distribution. 


Collection in the presence of sodium fluoride. It was possible that glyco- 
lysis was involved in the association of steroids with blood cells. The 
inhibition of glycolysis during collection of the blood would then produce 
results different from those obtained with the usual collection procedure. — 
Two 5-min samples of adrenal venous blood of a dog were collected in the 
following way. A polythene centrifuge tube containing one drop of a 
0-65 % solution of NaF was immersed in a water-bath at + 37° C and blood 
collection into it started. Throughout the collection 1 ml. of the NaF solu- 
tion was added drop by drop to the blood in the tube, which was constantly 
shaken and then spun immediately. The final concentration of NaF in the 
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sample was 0-045%, which is considered sufficient to inhibit glycolysis 
(Evans, 1922). A second sample was collected in the same way but 1 ml. 
of 0-9% NaCl solution was added instead of the NaF solution. Cortico- 
sterone and cortisol were estimated in the cells and plasma of both 
samples. In the sample to which NaF was added 56 % of the total cortisol 
and 49 % of the total corticosterone were extracted from the cells. In the 
control sample 51% of the cortisol and 46% of the corticosterone were 
found in the cells. This result lends further support to the view that the 
association of corticosterone and cortisol with the blood cells takes place 
in vivo, immediately after their release from the adrenal cortical tissue. 


Saline washing of blood cells 


The stability of the association between cells and steroid was tested in 
two experiments. 40 ml. of dog’s adrenal venous blood which had been 
standing for 3 hr at + 4° C was spun. To a 5 ml. portion of the cells 15 ml. 
of saline was added and the mixture was shaken gently for 15 min at 
+ 21°C. It was then spun and the saline pipetted off. The cells were re- 
suspended in another 15 ml. of saline, shaken for 15 min and spun. Cortico- 
sterone and cortisol were estimated in the washed cells and in each saline 
washing. These steroids were also estimated in 5 ml. untreated cells and 
5 ml. plasma of the same blood. The extracting solvents were added to the 
samples after all of them had been kept at +21° C for a total of 90 min. 
This was done to allow any losses, attributable to the temperature at which 
the washing of the cells was carried out, to take place in the unwashed 
samples too. The experiment was repeated on another sample of dog’s 
adrenal venous blood which had been kept for 6 days at + 4° C (experiment 
2). The results (Table 6) show that a large amount of the corticosterone 
and cortisol was washed off the cells by the saline. 


Tasixy 6. Removal of cortisol and corticosterone attached to cells of 
adrenal venous blood by washing with saline 


Experiment | Experiment 2° 
Steroids Cortico- Cortico 
extracted Volume Cortisol , sterone Volume Cortisol sterone 
from —_(mil.) (ug) (ug) (ml.) (ug) (ug) 
Plasma 5 18-0 8-4 4 12-6 10-2 
Cells 5 14-5 6-1 4 10-9 4:8 
Washed cells 5 2-7 4 23 0-7 
Ist saline 15 9-3 3:2 12 12-1 4-0 


Ww 


Second saline washings: steroids were also detected in the second saline washings. The 
amounts were, however, near the threshold of the method and the values are therefore not — 


listed in the table. - 
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Presence of steroids in cells of arterial blood of the dog 


Blood was collected from the carotid artery of a dog under ether 
anaesthesia. It was centrifuged. 250 ml. of the cells was diluted with 
750 ml. of water and extracted. The extract was tested for corticosterone, 
cortisol and aldosterone. 8 yg corticosterone and 12 yg cortisol were 
found. There was an U.V.-absorbing spot visible in the region of aldo- 
sterone diacetate on the third chromatogram, but the eluate of this region 
did not react with blue tetrazolium. The concentration of cortisol in the 
cells was of the same order as the average concentration of cortisol in the 
plasma of blood from the carotid artery: in eight dogs there was a mean 
of 9-8 yg cortisol in 250 ml. plasma (range: 5-7-12-1 yg). 


Distribution of steroids between plasma and cells of adrenal 
venous blood from rabbit, rat and guinea-pig 

Adrenal venous blood samples were taken from a rabbit, a rat and a 
guinea-pig. The blood was collected ‘into siliconed glass tubes kept in ice- 
water, spun, and the glucocorticoids were estimated in the plasma and cells. 
The results are shown in Table 7. In these three species the distribution 
of the glucocorticoids between plasma and blood cells was similar to that 
in the dog, about 75% of the corticosterone being found in the plasma, 
- the cortisol being distributed equally. 


Taste 7. Distribution of corticosteroids between plasma and cells in 
adrenal venous blood of rabbit, rat and guinea-pig 


Species (min) Fraction (ml.) total) (ug/ml.) Conen, cells 
Rabbit 20 4 Corticosterone 3°28 


Comparison of values for the secretion rate of corticosteroids, 
calculated from estimates in plasma and in whole blood 


Basic secretion rate in dogs. ‘Control’ samples of adrenal venous blood 
were collected from dogs at the beginning of ten experiments, the lost 
blood being replaced by slow infusion of donor blood: Each sample was 
divided into two parts. One part was extracted as whole blood, the other 
centrifuged and the plasma extracted. For each dog the secretion rate of 
aldosterone, corticosterone and cortisol by the left adrenal was calculated, 
based on the estimations in plasma and in whole blood and expressed as 


2 
4 
| 
i 
| 
| 
; 
a. 
t 
> 
i 
4 
| 
| | 
c 
4 


ether 
1 with 
erone, 
| were 
aldo- 
region 
in the 
in the 
mean 


and a 
in. ice- 
1 cells. 
ution 
0 that 
asma, 


slasma 


CORTICOSTEROIDS IN PLASMA AND BLOOD CELLS 151 


pg/adrenal/hr/kg body weight. The mean, the standard deviation of the 
mean and the coefficient of variation were calculated for each group of 
figures (Table 8). As was to be expected from the findings on the distribu- 
tion of aldosterone between plasma and cells, the mean values calculated 
on the basis of whole-blood estimations are more than three times as large 
as those calculated from the plasma content only. Furthermore, the co- 
efficient of variation of the secretion rate of aldosterone between individual 
dogs is smaller when the figures are based on values in whole blood. This 
agrees with the previous finding that there are large individual variations 
in the association of aldosterone with blood cells. In contrast, the secretion 


- Taste 8, Calculation of secretion rates based on concentrations. of steroids (a) in plasma 


and (b) in whole blood (yg steroid secreted/hr and kg body weight by the left adrenal) 


Aldosterone Cortisol Corticosterone 
Dog ime Whole Whole _ Whole 
no. (min) Plasma blood Plasma blood Plasma blood 
50 70 0-12 0-68 32:3 12-4 22-7 
51* 70 0-08 0-58 "12-1 32-7 13°3 27:1 
53 135 0-31 6:8 13-2 5-9 8-7 
547 90 0-08 0-33 22:8 12-8 17-0 
55 90 0-18 0-51 22-6 44°5 ll-l 24:8 
56* 90 0-10 0-66 24:7 52-4 21-1 35:3 
57 75 0-23 0-50 30-2 53-3 16-3 28-9 
60 75 0-31 0-89 10-8 23-0 10-1 16:8 
61 75 0-28 0-55 15-8 12-9 23-5 
64 75 0-06 0-38 19-8 46-0 14:5 21-0 
Mean 0-175 0-565 18-5 36-6 13-0 22-6 
Standard 0-1 0-16 71 12-7 3°9 7°3. 
deviation é 
Coefficient of 57 28 38 35 30 32 


variation (%) 


* Splanchnic nerves cut on left side; ¢ splanchnic nerves cut on both sides. : 


rate of cortisol and corticosterone, when based on concentrations in blood, 
is only about twice that based on plasma concentration, reflecting the fact 
that approximately equal amounts of these steroids are found in plasma 
and in cells. Individual variations are not greater when plasma is used as 
the basis for the calculation. This is due to the greater constancy of the 
distribution of corticosterone and cortisol between plasma and cells. 


Estimation of changes in the secretion rate of steroids occurring during 
, the collection of consecutive blood samples from the same dog 


Experiments were carried out in order to investigate whether, within an 
experiment on one dog, changes observed in the secretion rate of adrenal 
steroids were the same when calculation was based on the steroid content 
of plasma or that of whole blood. Two samples were collected from each of 
five dogs. In three dogs the splanchnic nerves were cut before collecting 
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sterone secretion 
Treatment ©‘Timeof Adrenal Homologous in plasma _ rate betw 
between collec- blood blood Haemato- (content sampleswhe 
Dog Sample _ collection tion collected infused crit (% of blood __ estimated 
no. no. of samples (min) (ml.) (ml.) red cells) = 100) in 
1 Bled 455 450 56 34-7 Blood 
3 60 88 273 56 35-2 Plasma 
1 Splanchnotomy 75 370 341 57 32-1 Blood 
2 75 210 375 55 29-2 Plasma + 
1 Splanchnotomy 75 360 280 46 50-0 Blood 
2 66 142 600 55 79-5 Plasma +! 
1 Splanchnotomy 75 166 150 51 15-9 Blood +! 
2 75 88 175 47 15-8 Plasma +! 
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the second sample, in one dog the second sample was taken 1 hr after a 


severe haemorrhage, when the adrenal blood flow was very slow. In these 


four experiments (Table 9) each sample was divided into two portions, one 
portion was spun and the plasma alone extracted, the other portion was 
extracted as whole blood. The percentage change in the secretion rate of 
aldosterone was then calculated from estimates in the plasma fraction only 
and from estimates in whole blood. In addition, Table 9 contains the 
percentage of the total amount of aldosterone present in the plasma frac- 
tion. In dogs 55, 60 and 64 any alterations in aldosterone secretion occur- 
ring in whole blood were reflected in the plasma content. In these dogs the 


TABLE 9. Secretion rates of aldosterone during the collection of two consecutive samples, 
calculated from estimations in plasma and from estimations in whole blood | 


Aldo- % change 


percentage of the total aldosterone found in plasma was the same in both 
samples. In dog 61 an interesting discrepancy arose: after splanchnotomy, 
it was difficult to keep up the blood pressure by infusing donor blood, and 
600 ml. of donor blood had to be infused within 1 hr, whilst only 142 ml. 
blood was collected from the adrenal vein. Aldosterone seeretion, calcu- 
lated on the basis of the concentration in blood, was slightly lower in the 
second sample. When, however, calculation was based on the values in the 
plasma, secretion rate appeared to have risen. This was due to the fact that 


_ the distribution of aldosterone between plasma and cells had shifted in 


favour of the plasma during the course of the experiment, a shift probably 
caused by the infusion of excessive amounts of foreign blood. In Table 3 it 
was shown that the distribution of aldosterone between plasma and cells 


is subject to large individual variations, and the infusion of a large 


volume of blood from another dog may, therefore, lead to a serious altera- — 


tion in the relative amount of aldosterone in cells and plasma. 

In a fifth dog (131, Table 10) the effect on the distribution of steroids 
between cells and plasma of infusing a large quantity of dextran was tested. 
300 ml. of Dextraven (dextran 6 g/100 ml., in glucose solution, 5 g/100ml., 
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after a salt-free, Benger Laboratories Ltd.) were infused between the collection of 
1 these sample one and sample two, and another 350 ml. Dextraven during the 
ns, one collection of sample two. Both samples were collected over a period of 
mm was 45 min into ice-cooled polythene tubes and the samples were centrifuged. 
rate of Cells and plasma were not in contact with each other for more than 30 min. 
m only Before extraction one volume of water was added to the plasma samples 
ns the and three volumes to the cell samples. When calculation of the secretion 
a frac- rate of aldosterone was based on estimations in plasma, it appeared to have 
occur- 
gs the Y  Tasux 10. Changes in the distribution of corticosteroids between. plasma and cells in two 
45-min samples of adrenal vein blood (Dog 131). After collection of sample 1 infusion of 
amples, 300 ml. dextran dissolved in glucose . 
2 3 4 5 6 1 
% change j ’ Homo- Concentration in plasma _ Secretion rate of left adrenal (ug/br/kg b.w.) ¢ 
secretion vein logous ~ Concentration in cells Aldosterone Cortisol Corticosterone 
rate betwea blood Haema- blood r A 
samples whe baols collected tocrit infused Aldo- Corti- Cortico- % % % 
estimated} 20- (ml.) (%) (ml.) sterone sol sterone ug change wg change change 
in 330 64 100 1:19 095 1-21 ~ — 
Plasma 
2 270 87-5, + «= Plasma 0-25 +425 279 +59 16:1 +31 
Blood. +] 350 dextran Whole 049 -06 381 -23 22-7 -—24 
Plasma + blood* 
* Sum of quantities estimated separately in cells and plasma. 
~ stall ; risen in sample two. However, when one adds the amount found in plasma 
| to that found in the cells it is obvious that there was no rise. Further 
‘both | — serutiny shows that it is only by chance that the discrepancy between 
tomy, these two methods of assessment is not greater still. The infusion of 
l, and dextran brought about two changes which had opposing effects. First, it 
L2 ml. caused a decrease in the haematocrit of the second sample, which would 
salcu- tend to increase the fraction of the total aldosterone present in the plasma. 
in the Second, it caused an increase in the association of aldosterone with the 
in the blood cells; this, on its own, would decrease the fraction of the total aldo- 
that sterone present in the plasma. 
ed in The discrepancies were larger still when the changes in the secretion 
bably A rates of cortisol’ and corticosterone were calculated from estimates in 
le 3 it plasma and compared with those calculated for whole blood. Whereas the 
cells dextran caused a shift of the aldosterone to the cells, it altered the distri- 
large bution of the cortisol in favour of the plasma (column 6, Table 10). That 
tera- shift, together with the larger plasma volume of sample two, caused a rise 
-— in the amount of cortisol in the plasma of sample two. This, however, did 
roids not represent a rise in secretion, because there was a very large fall of the 
sted. cortisol content of the cell fraction. Calculated for whole blood the real 
Oml., change in secretion rate was a fall of 23%. 
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Plasma estimations of corticosterone also gave a wrong impression of 
the change in the secretion rate during collection of sample two (last 


column, Table 10), but the discrepancy was less than for cortisol owing to — 
the smaller change in the distribution coefficient of corticosterone between = 


plasma and cells (column 7, Table 10). 

From the results of these experiments it follows that estimates of 
steroids in two samples of plasma will only reflect changes in the secretion 
rate of the steroids when the haematocrit and the distribution coefficient of 
the steroid between plasma and cells remain constant. Both these factors 
can change during an experiment if large amounts of foreign blood or 
dextran are infused. Correction of plasma estimates for changes in the 
haematocrit serves no useful purpose unless it is known that the distribu- 
tion of the steroid between plasma and cells has remained the same. 


DISCUSSION 


The experiments have demonstrated the presence of corticosteroids in 
the cell fraction of adrenal venous blood in four different species. This fact 
has not been fully appreciated by other workers, possibly because of the 
difficulty in extracting steroids from the blood cells. There is little doubt 
that the steroids extracted from the cells are chemically identical with 
those extracted from the plasma. 

The association of steroids with the cells is easily destroyed by washing 
the cells with saline. This suggests that the cell-bound steroids are avail- 
able for use by the tissues. The low concentration in the cells of carotid 
arterial blood supports this view. 

We have no evidence on the type of cell with which the steroids are 
associated. The cell fraction in these experiments consisted of red cells, 
white cells and some platelets. There is also no conclusive evidence on the 


site of this association, whether it be intracellular or at the surfaces of the - 


cells, though the easy removal by washing or during circulation in the 


vessels suggests an attachment to the surface. The volume of plasma — 


_ trapped between packed cells is too small to account for the large amount 
of steroids found. 

The possibility that the presence of steroids in association with the cells 
arises as an artifact during the collection of the blood was investigated for 
cortisol. Quick collection of blood maintained at 37° C and followed by as 
rapid a separation as possible of the cells from the plasma, did not reduce 
the amount of cortisol extractable from the cells; this was so whether or 
not glycolysis was inhibited during collection. It therefore appears that 
association of glucocorticoids with the cells occurs to a large extent in vivo. 

On the other hand, experiments carried out on the uptake of aldosterone 
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when blood was stored at + 4° C suggested that in vivo less aldosterone is 
associated with the cells than was found by our method of collecting the 
blood over a long period of time before separating the cells from the plasma. 
Whereas during the time taken for collection there is a migration of aldo- 
sterone from plasma to the cells, no such shift was observed with cortisol 
and corticosterone. 

The possibility that the cell fraction of the blood acts as a carrier 


mechanism of hormones in vivo has to be seriously considered. Binding to 


blood cells in vitro also occurs with other hormones. Cohen (1959) has 
reported that more than 70° of adrenaline and noradrenaline added in 
small quantities to peripheral human blood can be taken up by blood cells. 
The kinetics of the association of hormones with blood cells are so far 
unknown. | 

Previously estimations of the secretory activity of the adrenal cortex 
were often based on observations made on plasma extracts alone. The 
experiments described here suggest that using this method of estimation 
may lead to errors. Secretory changes indicated by estimation of corticoids 
in plasma, are only reliable if the haematocrit and the degree of association 
of the steroid with the blood cells is the same in both samples. Changes of 
these two factors were observed after infusion of large amounts of homo- 
logous blood or of dextran. : 


SUMMARY 


1. Corticosteroids were extracted from the cells of adrenal venous blood 
of four mammalian species. oe | 

2. In 15 samples of adrenal venous blood of dogs collected over 60- 
120 min the ratio of concentrations [plasma aldosterone]: [cell aldosterone] 
varied from 0-125 to 4:7, with a mean of 0-61. Cortisol was found in 
approximately equal amounts in cells and plasma. The concentration of. 
corticosterone was usually higher, and never lower, in the plasma than in 
the cells. 

3. The steroids could be removed from the cells by washing with saline. 
Only small amounts of cortisol and corticosterone were found in the cell 
fraction of blood from the carotid artery of a dog, the concentration being 
of the same order as that of the plasma. No aldosterone (< 0-2 ug) was 
detected in as much as 250 ml. of packed red cells from carotid blood. 

4. The proportion of corticosteroids, particularly of aldosterone, asso- 
ciated with the cells in adrenal vein blood is so variable that it is preferable 
to’estimate these steroids in whole blood rather than in plasma when the 
secretion rate: of these hormones is under investigation. Extraction of 
steroids from red cells presents no difficulties if enough water is added to 
the packed ‘cells before extracting with the organic solvent. 
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THE DISTRIBUTION AND METABOLISM OF THYROXINE 
AND 3:5:3'-TRIIODOTHYRONINE IN THE RABBIT 


By K. BROWN-GRANT anv J. R. TATA* 
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National Institute for Medical Research, Mill Hill, London, N.W. 17 


(Received 16 December 1960) 


_ 3:5:3'-Triiodo-L-thyronine (T,) is synthesized and secreted by the 
thyroid gland of many species. In most assays in vivo it has been found to 
have from five to seven times the biological potency of the major thyroid 
hormone L-thyroxine, (T,), (Pitt-Rivers & Tata, 1959). Certain exceptions 
have been observed, however. In the chicken, Gilliland & Strudwick (1953), 
studying the inhibition of I release from the thyroid, Shellabarger (1955) 
using the goitre prevention assay, and Newcomer (1957) studying O, 
consumption and feather growth, found the two compounds to be nearly 
equipotent. Brown-Grant (1955) showed that T, and T, had the same 
activity in suppressing thyrotrophic hormone (TSH) secretion in the 
rabbit as judged by inhibition of the release of !"I-labelled hormone from 
the thyroid gland. 

Until recently no satisfactory explanation was available for these 
differences. The recognition of the role played by specific thyroxine- 
binding proteins of the plasma in determining the biological half-life and 
the rate of entry of thyroid hormones into the tissues is a fairly recent 
development (Pitt-Rivers & Tata, 1959; Tata, 1960a; Brown-Grant, 1960). 


_ It has been demonstrated that in the chicken no specific thyroxine-binding _ 


globulin (TBG) is present in the plasma. Consequently, the affinity for 
and the capacity to bind T, is much lower in chicken than in human plasma. 
The major binding protein of chicken plasma is found in the albumin 
fraction and has identical affinities for T, and T, (Tata & Shellabarger, 
1959). Thus both hormones would be expected to have the same short 
half-life (a value of 22-5 hr was in fact observed) and to reach the tissues at 
similar rates. This could explain the similarity of the biological activities 
in this species. 

It seemed possible that a similar situation might exist in the rabbit, and 
the distribution and metabolism of ™J-labelled T, and T, in the rabbit and 
the binding to serum proteins in vivo and in vitro have therefore been 


_ studied. 


* Beit Memorial Fellow. 
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METHODS 

Young adult rabbits of mixed breeds (1-5—2-0 kg body weight) were used. Animals of the 
same sex from two litters were studied in each series of experiments and the groups were 
chosen so that the mean body weights were approximately the same and that equal numbers 
e nine from each litter received T, and T,. The animals were kept in a light- and 

e trolled (18—20° C) animal room for at least 2 weeks before and during the 
course of the experiments and maintained on pellets (Diet 18, Bruce & Parkes, 1947) and 
tap water ad lib. In some experiments a solution of KI in tap water (0-002 g/100 ml.) was 
given instead of tap water, as described under Results. 

The hormones labelled with ™1I in the phenolic ring were obtained from Abbot Laboratories 
Ltd, and were shown by chromatography to be at least 85% pure. The stock solutions 
(in 1:2-propane-diol) were diluted with a 1:9 (v/v) mixture of rabbit plasma and NaCl 
solution 0-9 g/100 ml. before use and were injected intravenously in a volume of 0-5—1-0 ml. 
Labelled iodinated human serum albumin was obtained from the Radiochemical Centre, 
Amersham, England, and was diluted with 0-9% NaCl solution before injection. In each 
experiment an internal standard was prepared from the diluted stock solution under the 
injection conditions. 

Blood was drawn from the marginal vein of the ear and clotting prevented by adding a 
small amount of heparin powder. Plasma was obtained by centrifugation and a known 
volume was diluted to 10 ml. and counted to determine total plasma radioiodine content. 
The protein-bound radioactivity (PBI) was determined by precipitating the plasma 
proteins with 5 volumes of trichloracetic acid (TCA) solution, 10 g/100 ml., resuspending 
after centrifuging, washing twice with 10% TCA and finally dissolving the precipitated 
protein in 3N-NaOH to a volume of 10 ml. and counting this solution. More than 90% of 
the activity appeared in the PB ™ I fraction when T, and T, were added to rabbit plasma 
in vitro and less than 5 % when radioiodide was added in vitro. Tissue samples weighed after 
washing and gently blotting dry were also dissolved in 3n-NaOH for assay of their "I 
content. All counts were made with an M6 liquid counter to a statistical accuracy of 
+2-5% or better. After correction for isotope decay, the results were expressed as a 
_ percentage of the administered dose by reference to the internal standard prepared at the 
time of injection. 

The interaction of thyroid hormones with serum proteins was studied by paper electro- 
phoresis (5 V/cm for 20 hr) in 0-05m veronal buffer, pH 8-6 (Block, Durrum & Zweig, 1955), 
as described elsewhere (Tata & Shellabarger, 1959). The capacity and relative affinity with 
which thyroxine and triiodothyronine are bound to the different binding fractions were 
measured (1) by paper electrophoresis at increasing concentration of added hormones 
and (2) by the method of displacement of radioactive thyroxine with stable triiodothyronine, 
as described by Robbins & Rall (1957). As was shown by Myant & Osorio (1959), rabbit 
serum albumin and «-globulin-type thyroxine-binding globulin cannot be well separated 
and the error involved in such studies is of the order of +5—-10%. 


RESULTS 
The distribution of T, and T, in vivo : 

In the first experiment eight female rabbits were used: four received 
Ts; (20 we, 1-6 wg) and four received T, (20 yc, 2-0 wg) intravenously. 
Blood samples were taken at 30 min and at 6, 25, 49, 72 and 96 hr after 
injection. Total plasma radioactivity and PB™ I were determined in the 
early samples. At 49 hr, PBI was more than 95% of the total activity 
and only total activity was determined at 72 and 96 hr. The results are 
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shown in Fig. 1. As early as 30 min after injection the plasma level of T, 
was much lower than that of T,; this difference was maintained, but fein 
25 to 96 hr the fractional rate of disappearance from the plasma for both 
compounds appeared to be the same. The specwanig half-life in the blood 
was estimated to be 27 hr. 


100 


10 


10 


Radioactive hormone (% injected dose/100 mi. plasma) 


l L 
O19 6 49 72 96 


Time after injection (hr) 


Fig. 1. The concentration of radioactive hormone in the plasma after the intravenous 
injection of 1-6 ug of T, or 2-0 ug of T, in rabbits. Each point is the mean value 
from 4 animals; the vertical bars indicate the standard errors of the means. 
Between 6 and 96 hr the curves are parallel, indicating similar fractional removal 
rates. The estimated half-life is 27 hr for both substances. Initial values at 0 hr were 
calculated on the basis of a complete distribution within the estimated plasma 
volume (Armin et al. 1952). | 


In these experiments the animals were given an 0-002 % solution of KI, © 
beginning 2 days before and continuing throughout the period of the 
experiment, in order to prevent the recirculation of I from degraded 
thyroid hormone. For thyroxine the extent of recirculation had previously 
been estimated to be only 8 % in the rabbit (Brown-Grant & Gibson, 1955). 
Thus the curve representing results obtained in this earlier study, in which 
1 wg of labelled T, was injected and whole blood radioactivity was 
measured, was quite similar to the present results and gave a value of 
25 hr for the half-life: in these earlier experiments the I content of the 
thyroid gland 96 hr after injection was 5-7 % of the injected dose, whereas 
in the present series thyroid ™I at 96 hr was 0-14, 0-26, 0-18 and 0-32 %, 
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- (mean 0-23 %) in the case of T, and 0-54, 0-27, 0-34 and 0-14% (mean 
0-32 %) in the case of Ts. 
The fall in plasma radioactivity after the injection of T, was very rapid. 
Calculations based on the data of Armin, Grant, Pels & Reeve (1952) gave 
a mean value of 83 ml. for the plasma volume of the animals used in these 
experiments. The volume of distribution of T, 30 min after injection was 
114, 129, 109 and 89, mean value 110 ml., while the values for T, were 884, 
951, 951 and 560, mean value 837 ml. The early stages of distribution were 
studied in more detail in a second series of experiments. 


Radioactive hormone 
(% injected dose/100 ml. blood) 


Time after injection (min) | 


Fig. 2. The concentration of radioactivity in whole blood after the intravenous 
- injection of radioactive T; or T, in rabbits. Each curve represents data from an 

individual animal. Initial point at 0 min is the calculated concentration based on a 

complete distribution in the estimated blood volume (Armin et al. 1952). 


Eight female animals were used: four received T, (8-8 yc, 1-4 pg) and 
four received T, (6-3 yc, 1-2 ug) intravenously. Blood was collected directly 
into graduated tubes 1-2 min after injection and at 5-10 min intervals 
after this. One animal in each series was killed 10, 20, 40 and 65 min after 
the injection of labelled hormone by means of an overdose of intravenous 
sodium pentobarbitone and tissue samples were removed for the deter- 
mination of 1‘ content. The body fluids and tissues studied were whole 
blood, plasma, bladder urine, bile, liver, spleen, kidney, skin, muscle and 
thyroid. The skin sample was the tip of the ear which had not received the 
initial injection of hormone and the muscle sample was from the lower 
third of the left quadriceps femoris. Only portions of the liver and kidney 

_ were assayed, but the total weigh’ of these organs was recorded. 
The fall in blood radioactivity is shown in Fig. 2; the difference between 
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T; and T;, is well established by 5-10 min after injection. Yet although the 
blood levels of the two groups are so different there is no-evidence of a 
major difference in the total amount of hormone present in the other 
tissues examined, when expressed as percentage of the administered dose 
(Fig. 3), or of any consistent difference in the concentration (%, dose/g 
tissue) (Table 1). The ratio of tissue to plasma ™I concentration (T/P 


Plasma 


Radioactive hormone (% injected dose) 


0 35 65 
Time after injection (min) 


Fig. 3. The percentage of the administered dose of '“!I-labelled hormone found in 
various organs after the intravenous injection of a tracer dose of T, and T, in 
rabbits. The muscle mass was estimated as 50% of body weight and skin as 5 % of 
body weight. These are values obtained before correction for hormone in the 
vascular compartment of each organ. @—— @ thyroxine (T,); O--—-—O triiodo- 
thyronine (T;). 


ratio) is consistently higher for T, in all organs showing a significant "I 
content and in bile at each of the four time intervals studied (Table 1). The 
chemical nature of the I in the tissues was not determined. 

In view of the marked differences in the plasma concentrations of T, and 
T, even at these short periods after injection, considerable differences in 
the 48![ content of the organs examined were expected but not observed. 


The possibility that T, might be concentrated in some organ or tissue 


other than those examined in these first experiments was investigated in 
male rabbits. Four rabbits were injected with T, (6 uc, 0-6 wg) and four 
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with T, (5 ec, 0:5 wg) and killed 30 min later. In addition to the organs 
examined in the previous study, the "I content of the adrenal gland, the 
heart, the genital tract, stomach, small intestine, large intestine, lungs, 
diaphragm, tongue, salivary glands, pancreas and thymus was determined. 
In addition, multiple samples of liver, skin and muscle rather than single 
samples were assayed. None of the organs examined had a strikingly 
higher content of I after the injection of T, as compared with the content 


TaBLE 2. Distribution of **I 30 min after the intravenous injection of labelled T,, T, and 
iodinated albumin. Each value (% administered dose) is the mean of results from four 
rabbits. Total muscle content calculated on the basis of a muscle mass equal to 50 % of the 
body weight and blood content on the estimated blood volume from the data of Armin 
- et al. (1952). Values for albumin are % dose in each organ and the calculated value for the » 
volume of plasma in each organ 


Direct Corrected . Iodinated albumin 
Organ T; T, T, T, (% dose) (ml. plasma) 
Adrenal 0-049 0-020 0-047 0-010 0-180 0-113 
Bile 0-170 0-150 0-168 0-139 0-027 0-013 
Genital tract 0-328 0-441 0-285 0-226 0-388 0-244 
Heart 0-572 0-523 0-567 0-317 0-443 0-278 
Kidneys 5-885 6-295 5-56 4- 2-92 1-83 
Large intestine 8-83 9-49 8-43 6-285 3-92 2-45 
Liver 23-4 18-1 22:7 12-1 10-675 6-69 
Lungs 1-18 1-05 0-961 0-280 219 0-752 
Muscle 27-1 26-4 25-4 15-7 15-75 9-895 
Skin 6-01 7-19 5-645 4-33 3:30 2-07 
Small intestine 9-51 9-18 7:17 4-32 3-025 1-91 
Spleen 0-134 0-110 0-130 0-056 0-130 0-082 
Stomach 5-37 5-01 4-57 2-74 3255 04 
Salivary glands 0-319 0-237 0-309 0-180 0-094 0-059 
ymus 0-048 0-035 0-046 0-026 0-105 0-066 
Thyroid 0-102 0-263 0-090 0-203 0-002 0-001 
Blood 14-2 53-5 14-2 53-5 
Total 103 138 96-3 105 


after the injection of labelled T, (Table 2). No evidence was obtained to 
support the hypothesis that the T, that had left the vascular compartment 
of the body was concentrated preferentially in any organ of the body. 
The measurements of the I content in a wider range of tissues enabled — 
a more complete ‘accounting’ of the injected radioactivity to be carried 
out. As shown in Table 2, when the total % recoveries for T, and T, were 
calculated on the assumption that muscle accounts for 50% of the body 
weight (Gross, Ford, Symchowicz & Horton, 1957), and on the basis of the 
plasma volumes given by Armin e¢ al. (1952), the values obtained were 
103 and 138% respectively of the injected dose. Errors in the estimated 
musele mass or plasma volume could not account for such a discrepancy. 
It seemed likely that the error arose from a duplication in the measurement 


of the radioactivity in the vascular compartment of the body, due to the 
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inclusion of “J in the blood in the total hormone content of the different 
organs measured. 

The possibilities of repeating the experiments under anaesthesia and 
terminating them by exsanguinating the animals or of perfusing the 
animals immediately after death were considered but rejected on the 
grounds that either procedure would almost certainly lead to gross changes 
in the distribution of the labelled hormone. Instead, the fraction of the 
plasma volume contained in each organ as prepared for assay in these 
experiments was determined from a study of the distribution of the radio- 
activity after the injection of a small dose of radio-iodinated human serum 
albumin. The dose injected was 20 wc (830 ug of protein) in a volume of 
0-25 ml. The animals were killed 30 min Jater. From the plasma level of | 
radioactivity, plasma volumes of 29, 33, 35 and 33 ml./kg body weight 
were calculated. The I content of each organ, as a percentage of the 
injected dose, was determined and the plasma content (‘I content of 
organ divided by ™I content of 1 ml. plasma) was calculated. The mean 


_ results are given in Table 2. From the calculated plasma content of each 


organ, and the known plasma level of radioactivity in each animal that 
received labelled hormone, it was possible to calculate a corrected organ 
content of labelled hormone for each animal representing the percentage 
of the injected dose present after allowing for the amount contained in the 
vascular compartment. When this was done, it was clear that the tissue 
content of T, was consistently higher than that of T, (Table 2), the 
difference being observed in all organs examined except the thyroid. When 
the corrected organ contents plus blood content were added together, an 
average value of 96 % of the T, and 105 % of the T, injected was accounted 
for. 

At these physiological levels there is no indication that the early stages 
in the distribution of T, and T, in the rabbit differ from those observed in 
the rat or man (Pitt-Rivers & Tata, 1959). The behaviour of the two 
hormones is consistent with the hypothesis that a specific binding protein(s) 
with a higher affinity for T, than for T, exists in the blood of rabbits as of 
other mammals. This question was examined directly. | ; 


Interaction of thyroid hormones with rabbit serum proteins 
By paper electrophoresis in the presence of veronal buffer (Tata & 


Shellabarger, 1959) both thyroxine and triiodothyronine were found to be 
bound to two major rabbit serum protein fractions: (a) an «-globulin 


 (loealized between «,-globulin and albumin) thyroxine-binding globulin 


(TBG), and (6) albumin. In Table 3 it is seen that these two fractions 
accounted for over 90% of protein-bound hormonal 1*J, whether the 
hormones were endogenously labelled (36 hr after injection of radioiodide) 
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or injected or mixed in vitro. In a separate experiment it was found that 
endogenously labelled thyroid hormone consisted of about 90-95% of 
organic as thyroxine and about 2-6 % as triiodothyronine, between 
24 and 110 hr after administration of I-iodide to a normal rabbit. 
Despite the qualitative similarity of thyroid hormone binding, there 
were differences at the quantitative level when thyroxine-binding in 
rabbit serum was compared to that in sera of other mammals. The capacity 


TABLE 3. Distribution of radioactivity in TBG and albumin of rabbit serum in the presence of 
181J-labelled thyroxine (T,) and triiodothyronine (T,) under different conditions. The proteins 


were separated by paper electrophoresis in veronal buffer at pH 8-6 


Labelled % I distributed in 
hormone 
Experimental condition present TBG Albumin 
Endogenously labelled* 74 
30 min after injectiont — he 71 23 
T, 53 40 
Added in vitro t T, 68 26 
T; 46 48 


* Serum of rabbit, 48 hr after erees of 50 pe of enerien free *1J-iodide. + As in Fig. i 
(0-01 pg T, and serum. 


TABLE 4. Capacity of rabbit serum TBG to bind radio-active thyroxine and | 
triiodothyronine as determined A — electrophoresis i in veronal buffer at pH 8-6 


% MI distributed in 


Amount r 

Substance added (ug/mol.) TBG Albumin Other* 
L-Thyroxine 0-01 68 26 6 
0-05 52 41 7 
0-20 29 60 11 
0-50 10 76 15 
$:5:3’-triiodo- 0-01 46 48 6 
L-thyronine 0-05 23 ae 12 
0-20 7 74 19 
0-50 5 78 17 


* Includes f- or y-globulins or free hormone. 


of rabbit serum TBG to bind thyroxine and triiodothyronine is low 
(Table 4). Assuming that 90 % of the average rabbit protein-bound iodine 
(PBI) value of 5-0 »g/100 ml. plasma (Myant, 1958) is thyroxine, it will be 
seen that doubling of thyroxine concentration causes a significant degree 
of saturation of serum TBG. Under similar conditions hardly any radio- 
active thyroxine would be displaced to the albumin zone of human serum 
(Robbins & Rall, 1957; Tata, 1960a). With triiodothyronine the saturation 
of TBG was achieved more readily. On the other hand, the capacity (as 
distinet from ‘affinity’) of rabbit serum albumin was extremely high; a 
“ono displacement of 1*!I from this en (to other protein fractions) 
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could only be detected when a level of 5ug thyroxine/ml. was exceeded. 
In this respect it is similar to human and rat serum albumin examined in 
veronal buffer. | 

The relative binding affinities for thyroxine and triiodothyronine, 
determined by the progressive displacement as labelled T, by the addition 
of stable T, (Rabbins & Rall 1957) vary with the amount of radioactive 
thyroxine present (Table 5). At low concentrations of added radioactive 
T, (0-01 ug/ml.), when most of it was bound to TBG (see Table 4), 
triiodothyronine was bound about three times less firmly in rabbit serum. 


TaBie 5. Relative affinities of rabbit serum TBG (whole serum) and serum albumin for 
thyroxine and triiodothyronine as determined by the method of Robbins & Rall (1957); 


_ compared on the basis of thyroxine = 100 


Amount of 
radioactive 
thyroxine ve 
. present affinity for 
Sample (ug/ml.) triiodothyronine 
Whole serum 0-01 40 
0-05 71 
0-50 82 
Rabbit serum albumin 0-01 88 
0-05 95 
0-50 90 


However, when these measurements were made at higher concentrations, 
when more T, was bound to the albumin (see Table 4), the relative 
affinities approached the same value. That rabbit serum albumin binds the 
two hormones with almost the same affinity is seen in Table 5 om experi- 
ments performed on isolated rabbit serum albumin. 


The metabolism and excretion of T;, and T, 


The rapid loss of T, from the vascular compartment of the body during 
the first 6 hr after injection and the finding of a higher general tissue uptake 
of T, than of T, are consistent with the observations made on the protein- 
binding of the two hormones in the serum. However, the observation that 
from 24 hr after injection to 96 hr the half-lives in the blood are essentially 
the same, although the levels are very different, raises the question as to the 
relative half-lives in the body as a whole. As a whole-body y-counting 
apparatus for animals of this size was not available, the rate of excretion 
of 41] in the urine and faeces after the injection of labelled hormone was 
determined, and the amount remaining in the body calculated and plotted 
on a semi-logarithmic scale. The animals were kept in individual meta- 
bolism cages and given 0:002% KI solution to drink, beginning 48 hr 
before the injection of hormone and continuing throughout the experi- 
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_mental period. Urine was collected at 8 hr after injection and urine and 
faeces at 24 hr and then daily. an 

Four rabbits were injected intravenously with 6-6 pe (0-4 ug) of T, and 

four with 5-0 we (0-2 ug) of T,. The percentage of the dose retained in the 


100 


Dose in body (% dose injected) 


10+ 


j L 


0 Mm. 48 72 96 
_ Time after injection (hr) 


Fig. 4. The % retention of “I in the body after the administration of a tracer 
(0-5 ug) or a carrier dose (50yug) of labelled T, and T,. Each point is the mean of 
values from 4 rabbits; vertical bars indicate standard errors of the means. 
O---O tracer T,; O——O carrier T,;; @-—-@ tracer T,; @———@ carrier T,. 


body at different times is shown in Fig. 4, and the pattern of urinary and. 
faecal excretion is shown in Figs. 5 and 6. The estimated half-lives for T, 
and T, are 26 and 27 hr respectively. In both instances more of the radio- 
activity appears in the urine than in the faeces. The level of ‘I in whole- 
blood samples is shown in, Table 6. 
The experiment was repeated with a larger dose of hormone (50 yg) in 
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order to study the excretion of an excess of T, and T,. The retention of 
activity within the body is shown in Fig. 4. The mean half-lives, deter- 
mined graphically, were 34 hr for T, and 29 hr for T,, and thus a slight 
difference between the mean rate of excretion of T, and T, in physiological 
doses, or when given in excess, was observed. The pattern of excretion, 
however, differed markedly when an excess of hormone was injected. The 


TaBiEe 6. Whole blood ™'I levels (% dose/ml.) after the injection of tracer (0-5 yg) or 
carrier (50 ug) doses of labelled T, and T,. Each value is the mean + s.£. of mean or 
results from four rabbits. Value at 0 hr is based on a complete distribution in the estimated 
blood volume (Armin e¢ al. 1952) 


J 


T; T, . 
(hr) Tracer Carrier ‘Tracer Carrier 
1-20 +0-13 1-08 +0:17 1-29 +0-21 1-09 40-14 
2 0-068 + 0-010 0-102 + 0-002 0-343 + 0-024 0-334 + 0-039 
24 0-012 + 0-001 0-031 + 0-008 0-078 + 0-001 0-093 + 0-005 
48 0-004 + 0-001 0-009 + 0-002 0-034 + 0-001 0-042 + 0-003 
70 
yrine 
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Time after injection (hr) 


Fig. 5. The cumulative excretion of I in urine and faeces after the intravenous 
injection of a tracer or a carrier dose of labelled T,. Each point is the mean of 
_ values from 4 rabbits; vertical bars indicate the standard errors of the means. 


proportion of the activity lost in the urine (as iodide) was increased with 
respect to the faecal excretion (Figs. 5 and 6). The excretions for the initial 
periods of 8 and 24 hr were somewhat lower in both cases, but the final 
urinary excretion was significantly higher. This delay in excretion is of 
interest with respect to the slightly longer half-lives observed when an 
excess of hormone is injected and the raised level of I in whole blood 
samples (Table 6). 
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Two further metabolic experiments were carried out, the results of 
which are relevant to the discussion of the previous results. The excretion 
of iodide was studied to determine whether the iodide solution had effec- 
tively blocked the uptake of iodide by the thyroid gland and whether 
there was any significant contamination of the faeces by urinary radio- 
iodide. Four rabbits received 7-5 yc of carrier-free I intravenously. 
Urinary excretion was rapid and complete; the mean cumulative excretion 


70-- 


20 


_ Dose excreted (% dose injected) 


Time after injection (hr) 


Fig. 6. The cumulative excretion of I in urine and faeces after the intravenous | 
injection of a tracer or a carrier dose of labelled T,. Each point is the mean value 
from 4 rabbits; vertical bars indicate the standard errors of the means. 


was 93-2+ 1-9, 99:3+0-9 and 100-1 +1-0% (s.z. of mean of 4 determina- 
tions) respectively at 24, 48 and 72 hr after injection. Only 0-6% of the 
radioactivity was found in the faeces in the first 24 br and less than 0-2 % 
in the 24-48 hr period after injection. 

During these experiments the animals were kept in metabolism cages 
that allowed them to move about and to continue their normal behaviour 
as regards refection. Only hard faecal pellets were obtained in the daily 
collection. The possibility that the administration of an excess of thyroid 
hormone might lead to increased refection, with a greater degree of entero- 
hepatic recirculatign of hormone and a higher probability of de-iodination 
rather than faecal excretion as the eventual means of disposal from the 
body, had to be considered. It seemed likely that any form of restraining 
device would prove to be a considerable ‘stress’ to the animals and that. 
this might itself alter the rate or pattern of thyroid hormone metabolism. 
An indirect method was therefore preferred. 

Seven rabbits were kept in metabolism cages for 3 days before the 
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experiments began. They were offered a known weight of pellets in excess 
of their daily intake in non-spill hoppers and their daily intake measured 
to +2g. The faecal material was collected daily and weighed to +2¢. 
A known volume of iodide solution in excess of their daily intake was 
available and the fluid intake and urine volume were measured daily to 
_ within 5 ml. The animals were also weighed daily to + 10 g. The pattern of 
solid and fluid intake and output and of weight gain were followed for 


Fluid drunk 
3 
Urine passed 
is 
! Pellets eaten 
Faeces passed 
20 
1700 
3 
j | j 
Ay ice 3 6 9 12 15 18 


T Days 
Fig. 7. The effect of 50 ug T, intravenously on fluid intake, urine output, food intake, 
faecal output and on body weight. Each value given is the mean result from 


‘T rabbits. Note the slight decrease in food intake without significant decrease in 
faecal mass after the injection of 50 ug T, intravenously at T. 


6 days. Each animal was then injected intravenously with 50 pg of 


L-thyroxine in a volume-of 0-25 ml. and the study continued for a further 
11 days. 


Figure 7 shows the results obtained. Following the injection of 50 pg — 


of T, there was no obvious change in fluid intake or in urine volume; the 
excess of fluid drunk over urine collected remained the same. Mean food 
intake was slightly, but not significantly (P > 0-05) below the pre- 


injection level for 6 days after injection (before, 91 + 2 g/day (s.z. of mean ~ 


of 42 measurements); after, 87+3 g/day). The faecal mass was not 
significantly changed (40 + 2 compared to 37 + 2 g/day) despite the slight 
decrease in food intake, which does not suggest that any change in the 
direction of increased refection had occurred. The steady increase in body 
weight (pre-injection average 12 g/day) ceased for 3 days but was then 
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resumed, although the predicted weight was not regained within the 
11-days post-injection period of the experiment. There was no support for 
the hypothesis that a greater degree of enterohepatic recirculation due 
either to increased refection or associated with a more efficient absorption 
of intestinal contents resulted from the injection of a large dose of thyroid 
hormone and could be responsible for the greater proportion of hormone 
deiodinated under these conditions. 


DISCUSSION 


In the present experiments on rabbits the half-life of T, and T, in the 
blood after the initial rapid fall in blood level during the phase of distribu- 
tion was studied. The half-life of both compounds after a tracer dose was — 
estimated from the data of Fig. 1 to be 27 hr. This is close to the value of 
25 hr for T, obtained previously by Brown-Grant & Gibson (1955). The | 
finding of indistinguishable half-lives for T, and T, in the rabbit is in con- 
trast to observations in other mammals. Values of 6-11 days for T, and 


_ 2-8 days for T, in man and of 16-19 hr and 4-10 hr respectively in the rat 


have been ronovted by several groups of workers (Pitt-Rivers & Tata, 
1959). 

These are species in which the biological potencies of T, and T, are 
strikingly different. Tata & Shellabarger (1959), however, found identical 
half-lives (22-5 hr) in the chicken, in which the hormones are equipotent. 
Pipes, Premachandra & Turner (1959) obtained values of 1-99 and 
2-47 days respectively for T, and T, in dairy cows, and it had been shown . 
previously that the effects of T, and T, on the milk yield of cows in 
declining lactation was very similar (Bartlett, Burt, Folley & Rowlands, 
1954). In the rabbit, too, T, and T, are about equipotent in suppressing - 
pituitary thyrotrophic hormone secretion (Brown-Grant, 1955). 

Tata & Shellabarger (1959) have suggested that these two phenomena 
may be connected with one another and be related, in birds, to the absence 
of a specific TBP from the serum. This was not found to be the case in the 
rabbit. Studies on the binding of thyroid hormones to the serum proteins 
of the rabbit during electrophoresis in barbiturate buffer showed that 
qualitatively the pattern of binding as well as the demonstrably higher 
affinity of the TBP for T, than for T, were as in other mammals and 
different from the bindings in birds (Robbins & Rall, 1957; Tata & 


 Shellabarger, 1959; Tata, 19602). 


The results from studies of the distribution in the tissues of physio- 
logical doses of T, and T, during the first’ hour after injection are consistent 
with these observations on serum protein binding. The injected T; leaves 
the blood very rapidly as compared with T, (Fig. 2). When organ contents 


$a. 
J 
‘ 
4. 
8 
f 
r 
ix * 
fe 
4 
43 
= 
| 
a 
Al 
BA 
q 
4 
3 
2 
4 
i 
is be 
4 
+ 
4 ra 
ag 


172 K. BROWN-GRANT AND J. R. TATA 


are compared, after correction for the hormone contained in the vascular 
compartment, it is clear (Table 2) that the T, content of each of the wide 
variety of tissues examined is higher than that of T,. However, there is no 


evidence that during the first hour after injection the pattern of distribu- 


tion of T, and T, between organs is grossly different (Fig. 8). In particular, 
the liver content of T, as compared with T, is not grossly different from the 


Distribution (% injected dose) 


Time after injection (min) | 


Fig. 8. The distribution of T, and T, in rabbit tissues 10-65 min after the intra- 
venous injection of a tracer dose. The values given are % of the administered dose 

_ after correction for hormone in the vascular compartment, as explained in the text. 
Except for the values at 30 min, which are mean of results in 4 animals, each point is 
based on results from a single animal. Note that the general pattern of distribu- 
tion is the same for both T, and T,, though the values for T, are consistently higher. 
O---O Ts; T,. | 


relative T, and T, contents of, say, the adrenal or the salivary gland or of 
muscle (Table 2). There is no evidence to support the suggestion of Gross 
et al. (1957) that the passage of T, through the liver or kidney and the 
formation of some conjugate other than the glucuronide is a necessary 
‘preliminary to the entry of T, into the other tissues of the body. Gross’s 
compound X (the unidentified T, conjugate) was not detected on our 
chromatograms of plasma obtained after T, injection. Further, significant 
tissue levels of ‘I have been observed in animals injected with labelled T, 
at a time when no labelled T, was found on chromatograms of plasma. 
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The method used for the determination of the relative biological 
activities of T, and T, in the rabbit (Brown-Grant, 1955) depended on the 
maintenance of a ‘adead level of hormone in the blood. When the level of 
hormone was raised in the electrophoresis experiments, it was seen that 
rabbit TBG has a very limited binding capacity for T,. Table 4 illustrates 
the saturation of TBP and the displacement to albumin. Even with 
endogenously labelled hormone at normal plasma levels, a significant 
proportion of the activity was localized in the albumin zone (Table 3). 
These findings suggest that rabbit blood contains very little TBG com- 
pared with other mammals. The high values for thyroxine-binding capacity 
reported by Myant & Osorio (1959) may be due to a failure to achieve a 
comparable degree of separation of albumin and TBP in the two — of 
experiments. 

Accepting that the binding capacity of rabbit TBG is kin: even a 
relatively small increase in serum hormone level would result in a large 
fraction of the hormone being bound to serum albumin, which has roughly 
equal but lower affinities for both T, and T,. Under these circumstances 
the rate of disappearance of T, from the blood might be greatly increased, 
perhaps even approaching that of T, and the half-lives of both compounds 
might be much shorter. The findings of Balfour & Tunnicliffe (1960) that 
during electrophoresis in buffer other than barbiturate a significant pro- 
portion of the T,, even at physiological plasma levels, travels with the 
pre-albumin fraction may necessitate a reconsideration of this hypothesis. 
The T,-binding capacity of rabbit pre-albumin is not known, but it has 
been established that human thyroxine-binding pre-albumin (TBPA) 
does not bind T, at all (Ingbar, 1958; J. R. Tata, X. Y. Widnell & Y. Z. 
Grazner, 

The possibility that differences in the firmness of binding to serum 
proteins at raised plasma hormone levels could affect the relative rates of 
distribution and metabolism of the two hormones in the rabbit was 
examined in experiments in which a tracer (0-4 or 0-2 wg) or a carrier 
(50 ug) dose of hormone was administered and the urinary and faecal 
excretion studied. Blood levels at 2, 24 and 48 hr after injection of a tracer 
dose were very close to those seen in the previous experiment; after a 
carrier dose the level of T, was approximately the same as in the tracer 
experiment and still considerably greater than that of T;, although the 
level of this compound was above that seen when a tracer dose was given 
(Table 6). This is consistent with the half-lives in the body determined 
from the cumulative urinary and faecal excretion. The half-lives of tracer 
and carrier T, were very similar (27 and 29 hr respectively) but the T; 
experiments gave a value of 26 hr for the tracer dose and a rather longer 

half-life (34 hr) for carrier Ts. Again. there appears to be no change in the 
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- initial distribution of the hormones, as judged by the 2 hr level in the 
blood, or in the biological half-life in the body that can be related to the 
pattern of protein binding or that can explain the similarity in biological 
activity. 

An alternative explanation may be available from a consideration of the 
pathways by which the rabbit disposes of an excess of thyroid hormone. 
It appears to differ in this from the rat. In the rat a large dose of thyroxine 


is eliminated to a greater extent in the faeces than is a small, physiological — 


one, owing to an increased rate of biliary secretion as the plasma level of 
thyroxine is raised (Myant, 1957). In contrast, the biliary clearance of T, 
in the rat is already maximal at normal plasma levels and is unchanged as 
this level is increased. An animal such as the rat, in which biliary clearance 
and faecal excretion is the main means of dealing with an excess of hormone, 
should be better able to handle an excess of T, than of T,. This is in fact 
found to be the case; Maclagan & Wilkinson (1954) showed that, whereas 
the percentage urinary excretion of 1'I (as iodide) after the administration 
of increasing doses of T, and T, in the rat remained constant, the percentage 
excreted in the faeces at 24, 48 and 120hr after injection increased 
markedly as larger doses of T, were given, but remained constant after 
giving T,, despite similar increases in the dose administered. Thus the 
biological half-life of T, decreases with increasing doses, but not that of T;. 

An apparently greater biological potency for T, could well arise from 
these differences. The rabbit does not appear to behave at all like the rat 
in dealing with an excess of thyroid hormone. In confirmation of the 
previous findings of Brown-Grant & Gibson (1955), when a large dose of 
labelled T, is administered to rabbits, it is the proportion of the I 
excreted in the urine that is increased by comparison with the pattern of 
excretion seen after giving a tracer dose (Fig. 6). Similarly, an increase 
in urinary and a decrease in faecal excretion is seen when the metabolism of 
a large dose.of T, is compared with that of a tracer dose (Fig. 5). Again, in 
contrast to the fisdininn in the rat, the biological half-life of T, is not 
decreased when the dose is increased and in the case of T, the half-life after 
a large dose may even be slightly lengthened. 


The explanation suggested for the finding that T, and T, are Saaierient | 


in birds, namely that there is no specific inter-«-globulin TBG and that 
consequently both hormones reach the tissues at equal rates, is not 
applicable to the similar equipotency observed in the rabbit. At least when 
the two hormones are compared in an assay depending on the maintenance 
of an excess of hormone in the body, their equipotency appears to result 
from the manner in which they are metabolized. Whereas in the rat the 
process of biliary secretion appears to be the limiting factor in the meta- 
_bolism of the hormones, in the rabbit deiodination by the tissues seems to 
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be the most important means of dealing with an excess of hormone. The 
tissues of the rabbit contain a thyroxine dehalogenase which is capable of 
dealing with far larger amounts of both T, and T, than are normally 
available as substrate (Tata, 19606). The equipotency of T, and T, may be 
related to the existence of a large reserve capacity for dealing with an 
excess of either hormone in the rabbit in contrast to the limited capacity vd 
the major excretory pathway for T, in the rat. 

The over-all effectiveness of the biliary-faecal excretory pathway for 
thyroid hormones in the rabbit is low. Whether this is the result of a low 
rate of biliary secretion or the high efficiency of reabsorption, either on the 
first passage through the gut or as a result of refection is not known. The 
relatively short half-life suggests that the first explanation is more 
probable. 


SUMMARY 

1, The distribution of a physiological (2 .g) dose of *1I-labelled T, and 
T, in the rabbit has been studied. | 

2. At 30 min after injection the volume of distribution was 837 ml. in 
the case of T, and 110 ml. in the case of T, as compared with an estimated 
plasma of 83 ml. 

3. When the hormone content of a wide variety of tissues was deter- 
mined 30 min after injection it was found that the T, content was always 
higher than that of T,. 

4. No evidence for a specific concentration of T,; in any organ was 
obtained; the pattern of distribution followed that of T,. The liver and 
muscle were quantitatively the most important sites. 

5. The distribution of normal and increased amounts of T, and T, was. 
studied by paper electrophoresis of serum in barbiturate buffer. Rabbit 
serum, like that of other mammals, contains a specific «-globulin thyroxine- 
binding globulin with a higher affinity for T, than for T,. The capacity of 
this protein is less than that of the TBG of human plasma. 

6. The half-lives of T, and T, in the plasma between 25 and 96 hr after 
injection were estimated to be 27 hr. The half-life of a similar physiological 
dose was determined by measuring the rate of loss from the body in the 
urine and faeces and was found to be 26 hr for T, and 27 hr for T,. When 
an excess of hormone (50 yg) was injected, the half-lives determined in 
this way were 34 and 29 hr respectively. 

7. A difference in the pattern of excretion after a large dose of either 
hormone was noted. Urinary excretion was increased, suggesting that a 
_ greater degree of deiodination was occurring after the injection of an 
excess of hormone. 

8. The pattern of binding to the serum proteins does not explain the 
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anomalous equipotency of T, and T, in the rabbit. This may be related to 
the observation that an excess of hormone is dealt with by deiodination. 


Our thanks are due to Mr Melvin Sherwood for his valuable assistance in carrying out 


these experiments. 
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THE LOCAL METABOLIC ACTION OF ADRENALINE ON 
SKELETAL MUSCLE IN MAN 
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(Received 16 December 1960) 


The relation between the vascular and the metabolic effects of adrenaline 
has recently been emphasized by Lundholm (1956), who has advanced the 
proposition that the dilator action of adrenaline on the vessels of skeletal 
muscle is indirect and mediated by release of lactic acid. Although it is 
well known that adrenaline promotes lactic acid formation in animal 
muscle (Griffith, 1951; Lundholm, 1956), evidence on this point in the 
human is lacking. Several investigators have suggested that adrenaline 
may release lactic acid from human skeletal muscle (Barcroft.& Cobbold, - 
1956) but Hildes, Purser & Sherlock (1949) were unable to demonstrate 
a direct metabolic action of adrenaline on the muscles of the lower limb 
in man. They could find no increase in the lactic acid level of the femoral 
venous blood and no reduction in glycogen content of biopsy specimens 
from gastrocnemius muscle following infusions of adrenaline into the 
femoral artery. 

Using adrenergic blocking agents, de la Lande & Whelan (1959) have 
demonstrated a potent dilator action of adrenaline when administered 
locally in the forearm, and the findings are consistent with the view that 
a metabolite released from muscle might be responsible for this effect. 

The possibility of a direct local metabolic effect of adrenaline on human 
_ muscle has been re-examined in the upper limb where more precise corre- 
spondence of infused tissue and sampling site can be ensured than in the leg. 
Changes in the levels of a number of metabolites have been found in the 
venous effluent, which indicate a direct glycogenolytic action of adrenaline 
on human skeletal muscle. 

| METHODS 


The subjects were ourselves, our colleagues and volunteer medical students. The laboratory 
_ was maintained at a temperature of 23-24° C and the subject rested on a couch for at least 
30 min before observations began. | } 

* Post-graduate Research Fellow, University of Adelaide. 


+ Research Fellow, National Health and Medical Research Council of Australia. 
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A polythene catheter (‘Intracath’, Bard) was inserted through a wide-bore needle into 
an antecubital vein of one arm and passed down into a deep vein carrying blood from 
forearm muscle (Roddie, Shepherd & Whelan, 1956) and maintained free from clotting 
by the occasional injection of 0-1 ml. heparin in NaCl 0-9 g/100 ml, (25i.u./ml.). In a few 
experiments a catheter was also inserted into a superficial vein draining blood from the 
skin of the forearm. The oxygen saturation of samples of blood withdrawn through the 
catheter before, during and after a period of rhythmic exercise lasting one minute served 

to check that the catheter was inserted into a vein draining muscle. The oxygen saturation 
of the samples was measured by the spectrophotometric method described by Roddie, 
Shepherd & Whelan (1957). The deep-muscle blood saturation showed a sharp fall during 
exercise and rose above the resting value after exercise ceased. 

A 23 gauge, short-bevel needle was next inserted into the brachial artery at the elbow 
through an area of skin anaesthetized by 2% lignocaine, and was connected by a length 
of polythene tubing to a constant-infusion apparatus which delivered NaCl 0-9 g/100 ml., 
containing ascorbic acid (1: 50,000), at a rate of 1 ml./min. 

A water-filled venous occlusion plethysmograph at 35° C was then applied to the forearm 
and blood-flow recordings begun, the circulation through the hand being arrested by a 
pneumatic cuff at the wrist inflated to 200 mm Hg. 

After a control period of 10-15 min, during which 3 or 4 flow measurements were made each 
minute, an infusion of adrenaline in ascorbic-acid saline, in a dose of 0-05 zg/min was given 
into the brachial artery for a period of 10 min, flow recordings being continued throughout. 
This infusion demonstrated that the —— was behaving in a characteristic fashion to 
adrenaline (Whelan, 1952). 

Thirty minutes was allowed to ‘tacos for recovery from this adrenaline infusion. The 
plethysmograph remained in position throughout the experiments, to maintain the tem- 
perature of the forearm segment. Samples of muscle venous blood were taken through the 
catheter into nylon syringes, for estimation of the levels of blood lactic acid, blood pyruvic 
acid, blood phosphate and plasma potassium. Two or three such groups of resting samples 
were taken with an interval of 5 min, and then an infusion of adrenaline (0-05 pg/min) was 
given for 10 min and sampling continued at various intervals during the infusion and in 
the 10 min after it was discontinued. Flow measurements were not made during this 
infusion, as it was desired to avoid venous congestion in the sampling periods, but the 
wrist cuff was inflated throughout to 200 mm Hg to exclude the hand circulation. 

After a further interval of 10-15 min a third infusion of adrenaline made up in 0-9% NaCl 
containing Evans Blue dye (T 1824) (0-5 mg/min), or an infusion of dye alone, was given 
into the brachial artery and samples of the muscle blood withdrawn through the catheter 
before and during the infusion, These samples were centrifuged and the plasma examined 
for dye content. 

In a number of experiments the infusion of adrenaline during which blood flow was 
measured, and the forearm exercise test for position of the catheter, were both carried out 
at the end of the experiment, and the venous sampling during adrenaline infusion was made 
before any muscle activity or previous adrenaline infusion. Similar results were obtained 
in both patterns of experiment. In a few of the experiments samples of brachial artery blood 


were taken in the preliminary resting period and immediately after the infusion of adrenaline . 


ceased. Arterial samples were not taken during the infusion period, as this would have 
necessitated interruption of the infusion. 

Blood lactic acid was measured by the method of Barker & Summerson (1941), phosphate 
by the method of Fiske & SubbaRow (1925), pyruvic acid by the method of Friedemann & 
Haugen (1943) and plasma potassium by flame photometry. For the phosphate estimations 
blood samples were weighed for greater accuracy and values were reproducible to within 
0-1 mg/100 ml. 
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ADRENALINE AND MUSCLE METABOLISM 


RESULTS 


Figure 1 shows the concentrations of lactic acid in the venous effluent 
from the forearm muscles before, during and after infusions of adrenaline 
into the brachial artery in six different subjects. In every case there was 
a gradual rise during the infusion to a peak level which ranged from 36 to 
173% above the resting level. In two cases the highest value was not 
obtained until some minutes after the infusion ceased. The concentration 
of lactic acid returned only slowly to the resting level and wasstill elevated 
10-20 min after the end of the infusion. 3 


Blood lactic acid (mg/100 ml.) 


Adrenaline 


T 
0 10 , , 20 30 
Minutes 
Fig. 1. Concentrations of lactic acid in the venous blood returning from the forearm 
muscles in six different subjects before, during and after infusion of adrenaline 
into the brachial artery. Adrenaline (0-05 yg/min) was infused between the two 
vertical lines. 


The changes observed in the concentrations of the other metabolites 
in venous blood during adrenaline infusion were as follows: the concentra- — 
tion of pyruvic acid rose (3 experiments) while that of phosphate fell 
(5 experiments). Potassium showed a transient rise, corresponding in 
time to the period of transient vasodilatation, and then fell below the 
initial resting level for the remainder of the infusion (7 experiments). 
The results of a typical experiment illustrating the above changes, 
together with changes in forearm blood flow, are shown in Fig. 2. The — 
‘after-dilatation’ (Whelan, 1952) was seen following most infusions and © 
blood flow only returned to the pre-infusion resting level after 10-20 min 
during which the metabolites also returned towards resting levels. 

In Table 1 all the data on all the subjects are shown. The resting value (A) 
is the mean of the control values taken during the 10 min period before 
the adrenaline infusion began. The value (B) is that obtained when the 


change from resting was at its greatest, which in most cases ec vine 
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the last 3 min of the adrenaline infusion, but in a few was in the first 5 min 
after the infusion ceased. In every case the pattern of change in the 
metabolites measured was the same as that in TR, illustrated in Fig. 1, 
differences being quantitative only. The arterial concentrations were not 


TR 


(mg/100 ml.) 


100 mi.) 


(mg/ 


S 


Plasma potassium Blood phosphate Blood pyruvic acid 
(m-equiv/I.) 


(ml./100 ml./min) 


Forearm flow 


10 20 
Minutes 
Fig. 2. The changes in the venous effluent from the forearm muscles in blood 
pyruvic acid, blood phosphate, plasma potassium and forearm blood flow during 
infusion of adrenaline (0-05 yg/min) into the brachial artery in subject TR. 
O---O = values for brachial arterial blood for each of the constituents men- 
tioned. The infusion of adrenaline is indicated by the black rectangle. 


measured in every experiment but sufficient determinations were made 
to indicate that a slight positive arteriovenous difference existed in pyruvic 
acid, phosphate and potassium in the initial ‘resting’ period. At the height 
of the changes caused by adrenaline the venous levels of lactic acid and 
pyruvic acid rose above the corresponding arterial levels, indicating an 
increased output of these constituents from‘the muscles. In the case of 
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potassium and phosphate a positive uptake occurred, since the arterio- 
venous differences increased during the adrenaline infusion. 

In one experiment (ISD(3)) in which blood samples from a superficial 
vein draining the skin of the forearm were taken at the same time as 
samples from a deep-muscle vein during intra-arterial adrenaline, no 
changes occurred in the lactic, pyruvic or potassium levels of the superficial 


Taste 1. Effect of intra-arterial infusions of adrenaline (0-05 g/min) on venous blood 
| levels of metabolic products from forearm muscle and skin 


- Lactic acid Potassium Pyruvic acid Phosphate 
(mg/100 ml.) (m-equiv/1.) (mg/100 ml.) (mg/100 ml.) 
Subject A B A B A B A B 
| Muscle blood samples 
AH 6-0 9-7 — ake 
ISD (1) 2-9 8-0 — 
JG 8-2 19-9 — — wil 
AGS 6-3 9-2 3-8 3-1 
JM 5-6 12-0 2:7 2°5 1-3 
ISD (2) — — 3°9 
S 3°9 3-4 0-42 0-92 3:1 3-0 
TR 4-4 3-0 0:85 1-26 2°5 2-3 
BP 3°6 3-0 — 2-6 2-4 
ISD (3) , £9 3-7 0-71 1-04 3°3 31 
_ Skin blood samples 
ISD (3) 10-5 4-4 — — 3-3 3-3 
PH 139 41 4-0 1-70 1-35 — 
LRM 4-1 4-2 1-32 1-22 2-5 2°5 


A, mean of 2 samples during pre-infusion period; B, value obtained during the last 3 min 
of adrenaline infusion or within a few minutes thereafter, when the change from A was at 
its maximum. 


blood while the usual changes in these metabolites were observed in the 
muscle blood. In two experiments superficial blood samples only were 
taken, and-no changes in metabolite levels were produced by adrenaline 
infusions. In each experiment Evans Blue dye was detected in the re- 
turning venous blood on subsequent infusion of adrenaline solution con- 
taining the dye. 

DISCUSSION 


The changes in the levels of lactic acid, potassium, pyruvic acid and 
phosphate in the venous effluent from the forearm muscles during intra- 
arterial infusions of adrenaline are indicative of a direct effect of adrenaline 
on the metabolism of human skeletal muscle. The finding is directly 
contrary to the observations of Hildes et al. (1949), who could detect no 
changes in metabolite concentrations in the femoral venous blood during 
infusions of adrenaline into the femoral artery in the groin nor any re- 
duction in glycogen content of biopsy tissue from gastrocnemius muscle. 


> 
. 
, 
3; 
| 
3 
& 
4 
BS 
x 
ag 
; 
4 
4 
4 
A 


182 I. 8. DE LA LANDE AND OTHERS 


The indication that adrenaline was in fact perfusing the limb was the 
blanching of the skin noted during the infusion. There was no evidence, 
however, to suggest that adrenaline was perfusing the calf muscles, or, if 


it were, that the femoral vein samples were in fact coming from the same — 


area of the calf, nor that the biopsies were taken from an area perfused 
by adrenaline or drained by the femoral vein. 

All these factors are particularly important in the case of the lower 
limb, where the site of injection of adrenaline and of sampling lay at 
a considerable distance from the muscle concerned. The opportunities for 
localization of an arterially infused solution into an area of the thigh, for 
example, are considerable, as is evidenced by flushing confined to distinct 
areas usually on the lateral or medial aspect of the thigh during femoral 
intra-arterial infusions of vasodilator drugs (Marshall & Whelan, 1956). 

In the present series of experiments the upper limb was used and the 


_ site of arterial infusion was much closer to the muscle group under study. 


Localization of the infused drug in a small area, however, can still occur 
in the upper limb. That it did not do so in the experiments described is 
demonstrated, first, by the fact that the characteristic blood-flow changes 
always occurred in the forearm segment immediately distal to the needle 
and, secondly, by the fact that dye injected along with adrenaline into the 
artery was recovered from the blood sampled by the catheter. That a 
catheter inserted as described into a deep forearm vein samples mainly 
muscle venous blood has been shown by Roddie e al. (1956), and was 
checked in each experiment by the changes in venous oxygen saturation 
accompanying exercise of the forearm muscles. 

No correction of the values obtained for lactic acid and other substances 
assayed was made for changes in blood flow accompanying the adrenaline 
infusions, since with the dose chosen (0-05 g/min) the blood flow through 
the forearm segment during the greater part of the infusion was little 


different from the resting value. Griffith, Lockwood & Loomis (1946) were | 


able to demonstrate increases in venous blood lactic acid on intra-arterial 
infusion of adrenaline in the perfused limb of the cat only if the dose did 
not produce marked vasoconstriction in the limb. Adrenaline given by 
this route into the human arm is known to produce vasoconstriction of 
the vessels of the hand, which is mainly skin (Barcroft & Swan, 1953). 
Evidence about the effect of intra-arterial adrenaline on skin and muscle 
vessels in the human forearm is lacking. If the forearm skin vessels were 
constricted in the present experiments, the. fact that the total forearm 
blood flow showed little or no change may indicate that the muscle blood 
flow was increased. Such an increase would tend to dilute the concentration 
of any metabolite released from the muscles and thus lead to an under- 
estimate of the amount released, but it would also have the effect of causing 
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an apparent rise in the concentration of any substance with a positive 
‘resting’ arteriovenous difference by tending to move its venous con- 
centration towards the arterial level. It could not, however, account for 
a rise above the arterial level, such as occurred with lactic and pyruvic 
acids, nor for a fall in venous concentration, as occurred in the case of 
potassium and inorganic phosphate. The finding that no changes occurred 
in the metabolite levels of blood returning from a superficial vein draining 
skin, at a time when there were changes in the muscle blood levels, indicates 
that the metabolic action of adrenaline is confined to the muscle and also 
that the changes, for example, in plasma potassium could not be accounted 
for by any action of adrenaline in causing shifts of this electrolyte between 
the plasma and the red cells. 

In the case of lactic and pyruvic acids the findings are in accord with 
other evidence that adrenaline promotes an increase in glycogenolytic 
activity in muscle (Ellis, 1956, 1959). The changes in potassium and phos- 
phate may also be linked with glycogenolysis, but direct biochemical 
evidence on this point is lacking. An ability of adrenaline to depress 
potassium and phosphate loss from skeletal muscle in vitro and to promote 
potassium influx in smooth muscle and uptake of phosphate into muscle 
in vivo has been reported by a number of investigators (Ellis, 1959). 
Hence the metabolic effects of adrenaline which have been observed in 
the human in the present experiments are consistent with the observations 
on other species in vivo and on isolated tissues in vitro. 

The present finding that the ‘after-dilatation’ seen in the forearm 
following cessation of intra-arterial infusion of adrenaline subsides over 
a period of 10-20 min, and is paralleled by the return of the metabolite 
levels towards their respective base-line values suggests that the two 
phenomena are intimately related. Lundholm (1956) has proposed on 
the basis of animal studies that the glycogenolytic action of adrenaline 


- may be related to its dilator effect on vascular smooth muscle, but whether 


lactic acid, or indeed any of the products of the metabolic action of 
adrenaline, participates in the vascular ne in the human forearm 
remains to be decided. 


SUMMARY 


Infusions of adrenaline into the brachial artery in man cause an increase 
in glycogenolytic activity in the forearm muscles which is manifested by 
an increase in lactic and pyruvic acid and a fall in pone and phosphate 
levels in the effluent venous blood. 

We are indebted to our colleagues and students who volunteered as subjects for this 


study, and to Mr A. MeNeil for technical assistance and for-carrying out most of the blood 
lactic-acid determinations. 
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: STIMULI INFLUENCING THE SECRETION OF ACID BY 
s. | THE ABOMASUM OF SHEEP 
d 

By R. W. ASH 
% From the Rowett Research Institute, Bucksburn, Aberdeen 
(Received 19 December 1960) 

5. 
5 The acidity of the food material flowing from the abomasum to the 

duodenum of sheep varies within comparatively narrow limits, and under 
2 the conditions of stall-feeding, when the animals are fed on dry fodder and 
fie meals, the pH values are usually between 2 and 3. In contrast, the amount 
: of acid secreted by innervated pouches of the fundic region of the abomasum 


; may fluctuate widely. These observations suggest that the amount of acid 
secreted is the resultant of excitatory and inhibitory factors which operate — 
to produce a comparatively stable reaction of the food material leaving 
t the abomasum. On a broad basis, the factors likely to be concerned are 
_ the amount and composition of the predigested food flowing into the 

abomasum from the omasum; another is the rate at which the abomasal 


a contents are discharged into the duodenum. 
, The manner in which food material passes through the omasum from 
i the reticulo-rumen is still obscure but there is reason to believe that fluid 


flows through the omasum more rapidly than the solid matier, so that the 
. organ functions as a sieve. Knowledge of the composition of the food 
material flowing into the abomasum is meagre. Oyaert (1955) found that 
the predigested food flowing from the omasum of sheep contained 5-10% of 
finely divided dry matter and 20-30 m-mole CO,/I. and the pH was 6-8-7:3. 
During extremes of fasting and feeding and on a variety of diets, the 
concentration of steam-volatile fatty acid in the food material leaving the 
abomasum was 4-30 mm (Masson & Phillipson, 1952; Ash, 1961). These 
concentrations are low compared with those in rumen fluid but it should 
be realized that approximately half the material leaving the abomasum is 
abomasal secretion which contains little or no fatty acid. Furthermore, 
fatty acid may be absorbed as the food material flows through the 
abomasum. The concentration of fatty acid in the food material flowing into 
the abomasum will depend on the concentration in the reticulo-rumen and 
the amount absorbed as the fluid flows through the omasum. Recent ~ 
work at this Institute has shown that the predigested food material 
flowing into the abomasum from the omasum of sheep contains 30-60 mM 
acid (P. K. Briggs, personal 
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This paper describes experiments which were designed to investigate 


the effect on acid secretion of some of the factors considered above, special 


attention being given to the influence of fatty acid in the abomasum. 
A preliminary account of some of the experiments has been given to the 
Physiological Society (Ash, 19596). 


METHODS 


Animals. The experiments were carried out on six sheep with innervated abomasal 
pouches. All the sheep were fitted with rumen cannulae and three had pyloroduodenal 
re-entrant fistulae. A detailed description of the surgical preparation and maintenance of 
the animals has been given (Ash, 1961). A small Perspex cannula was inserted approxi- 
mately 10 cm from the pylorus and into the duodenum of another sheep with a pouch. 

Preparation of the animals for experiment. In order to prevent predigested food from 
entering the abomasum during the experiments the reticulo-rumen was emptied. The sheep 
were deprived of food for 24-48 hr, during which time they were allowed free access to 
water. On the morning of, or less frequently the night before, an experiment a Perspex 
tube, bore 1-0 cm, was inserted through the rumen cannula and the contents of the organ 
were removed by suction. The tube was connected to a 5 1. aspirator which was evacuated 
from a water pump. This method avoided manipulation of the abdominal wall (Ash, 19592), 
but care was required to prevent sucking the rumen wall against the end of the tube. After 
the majority of the material had been removed the interior of the organ was rinsed with 
5-10 1. of isotonic NaCl solution or tap water at 39°C. Residual fluid was removed from 
the reticulum and ventral sac of the rumen as thoroughly as possible without disturbing the 
animal unduly. When the rumen was emptied the night before an experiment, 4 1. of isotonic 
NaCl solution, or a phosphate buffer containing 100 m-mole fatty acid/l. (pH 6-7), was 
returned to the rumen. On the morning of the experiment the solution was drained from 
the rumen by suction. 

The contents of the abomasum were allowed to drain away through the cannula in the 
main body of the organ and the interior was rinsed with isotonic NaCl solution. In those 
sheep fitted with pyloroduodenal re-entrant fistulae the cannulae were disconnected and 
_ the duodenal cannulae plugged. | 

Although the reticulo-rumen and the abomasum were emptied it must be assumed that 
the omasum contained some food material in all the experiments. The contents of the 
omasum consist of vegetable material (approximately 18% dry matter) held between the 
omasal leaves and it is difficult to know the effect this has on acid secretion by the abomasum. 
Although the abomasum was rinsed repeatedly before each experiment, a few of the test 
solutions drained from the organ contained rather more solid material than was to be 
expected simply from dislodgement of residual material from between the mucosal flaps 
of the abomasum. 

During the experiments the sheep were held in a recording stand. The attachment of 
tubes to any of the cannulae was made at the beginning of the experiment and manipula- 
tions during the course of an experiment were reduced to a minimum. The most complicated 
arrangement was that shown in Fig. 1. 

All the sheep used in the experiments were thoroughly trained to the experimental 
conditions. The feeding and daily routine associated with the maintenance of the animals 
was carried out by people directly concerned with the experiments and only on rare occasions 
were the sheep ever bandied by others and then it was usually in the presence of an 
experimenter. 


At the end of an experiment, rumen contents were returned to the reticulo-rumen and - 


500 ml. of isotonic NaCl solution was introduced into the abomasum. The pyloroduodena! 
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re-entrant cannulae were reconnected and all other cannulae plugged. Not less than 8 days 
elapsed between experiments on the same sheep and usually it was longer. Except for a 
temporary increase in water consumption on the day following some of the experiments 
there appeared to be no observable effects. 

Analytical, The methods used for estimating titratable acid and steam-volatile fatty acid 
have been described (Ash, 1961). All the acid concentrations in the secretions and outputs 
were calculated from phenolphthalein titrations. In some experiments Tépfers reagent or 


b 

‘Fig. 1. Diagram of the ‘isolated’ abomasum preparation. Test solutions were 
introduced into the organ through the funnel a, and samples were obtained from the 
tube b; c, burette for infusing solutions into the duodenum. Re, reticulum; Om, 
omasum; Ab, main body of abomasum; An, pyloric part of abomasum; P, pouch. 
The omaso-abomasal orifice (V) is guarded by mucosal flaps but radiographical 
studies, although ‘not definite encugh to warrant a statement’ suggest that material 
may flow from the abomasum to the omasum (Benzie & Phillipson, 1957). 


bromthymol blue was used to detect the presence of ‘free’ acid in the secretions. pH measure- 
ments were made with a glass electrode immediately after withdrawing samples from the 
abomasum and no precautions were taken to prevent loss of CQ,. 

The sodium salts and the acids used to make up the test solutions were ‘Analar’ reagents 
(Hopkin and Williams, Ltd) or ‘Laboratory’ reagents (British Drug Houses, Ltd). In all 
the experiments with fatty acid solutions the ratio acetic: propionic: butyric was 70:20:10. 
The composition of the fatty acid mixture entering the abomasum during normal feeding 
will be influenced by the type of fermentation taking place in the rumen and whether or 
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not preferential absorption of one acid over another occurs in the omasum, The ratio selected § 


for these experiments appeared to be a possible one to occur. 
Atropine was injected as the sulphate. t-adrenaline was dissolved in HCl and diluted with 
NaCl 0-9 g/100 ml. to give solutions containing 5 and 10 ug/ml. 


\. 
RESULTS 


The effect of emptying the reticulo-rumen and abomasum 
on acid secretion 


Typically, the rate of flow and concentration of acid in the pouch 
secretion were relatively high immediately after the emptying procedure, 
and, then decreased over the next 45-120 min. The concentration in the 
first 15 min collection period was often 50-80 m-equiv/l., decreasing to 
usually 2-9-16 m-equiv/l. in subsequent samples when ‘free’ acid was 
absent or present only in traces. In one experiment the concentration 
fluctuated between 3-9 and 8-9 m-equiv/l. for 2-75 hr and then increased 
_ progressively to 30-36 m-equiv/l. during the next 1-75 hr, although no 
stimulus was applied deliberately to the preparation. It became in- 
creasingly obvious during the course of the experiments that extreme care 
was required in handling the preparations in order to prevent non-specific 
excitation of acid secretion. One procedure which sometimes caused a 


temporary increase in acid secretion was manipulation of the cannula in — 


the main body of the abomasum. 

In four experiments secretion was maintained at a high level in wie of 
repeated rinsing of the abomasum and rumen. The introduction into the 
abomasum of a solution containing 50 m-mole fatty acid/l. at pH 2-4 
reduced the secretion of acid from the pouch, but when the solution was 
drained acid output again increased. An examination of the sheep after 
the experiments in which this occurred usually showed some irritation of 
the skin round the abomasal fistula. _ 

‘There appeared to be no advantage in emptying the reticulo-rumen the 
night before an experiment; it was still necessary to drain and rinse the 
abomasum on the following morning and this seemed to be responsible for 
the high initial levels of acid secretion. In a later section experiments are 
described which suggest that the decrease in acid secretion in some experi- 
ments may not have been due entirely to withdrawal of stimulation but 
partly to inhibition from emptying the reticulo-rumen. In all, 36 experi- 
ments were performed on six sheep; 28 of the experiments were successful. 


The effect on acid secretion of introducing rumen fluid 
into the abomasum 
Rumen fluid was obtained by straining through gauze the contents 
_ removed from the reticulo-rumen after the sheep had been deprived of 
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food, The fluid was warmed to 39° C and allowed to flow into the abomasum 
from a reservoir connected to the abomasal cannula. In order to mimic 
differences in the flow of predigested food material into the abomasum 
from the forestomach the effect of increasing the volume of the infusion 
was also investigated. In seven trials on three sheep 250-500 ml. of fluid 
was infused over 15-35 min; an increase in acid secretion by the pouch 
was observed in all experiments. The response usually began within 15 min 
of starting the infnsion and acid output reached a peak in 45-90 min; acid 
secretion then declined progressively or, less often, with short periods of 
increased secretion superimposed on the declining phase. Increasing the’ 
volume of the infusion increased the size of the response (Fig. 2). 
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Fig. 2.. The effect on acid secretion by a pouch of introducing rumen fluid directly 
into the abomasum. The fluid was obtained from the sheep after fasting and the 
arrows indicate the time during which it was infused into the empty abomasum. 
Conscious sheep, reticulo-rumen empty and free flow from the abomasum to the 
duodenum. Maximum acid outputs of this pouch during normal feeding were 
equivalent to 0-20 and 0-49 m-equiv/15 min on diets of 750 g and 1250 g food/day. 


Fluid in the abomasum was free to flow into the duodenum and the 
decline in acid secretion was associated partly with an increase in the 
acidity of the fluid remaining in the abomasum and partly with a decrease 
in the volume. In three experiments the pH of the fluid drained from the 
main body of the organ, when acid secretion by the pouch had declined 


to a low level, was 1-5-1-8; the residual volumes were 100-250 ml. The 
initial pH of the rumen fluid was 6-2-6-5; no precautions were taken to 
prevent loss of CO, and the concentration of steam-volatile fatty acid was 
not determined. 


It was essential, however, to eliminate flow into the duodenum as a 
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possible source of stimulation and to _— the stimulus into mechanical 
and chemical components. 


_ Distension of the abomasum as an adequate stimulus of acid secretion 
A condom attached to a length of polythene tubing was introduced into 
the main body of the abomasum through the cannula and the mouth of 
the cannula was plugged. Measured volumes of NaCl 0-9°/100 ml. at 39°C 
were allowed to flow rapidly into the condom from a reservoir. 


HCI into duodenum 
(25 ml./15 min) 


Acid output of pouch (m-equiv/15 min) ~ 


1 2 3 4 5 6 7 Hours 
ion vol. t Distension vol. TDistension 
| 260 mil. ; | 400 mi. 400 ml. 
Fig. 3. The effect on the response of a pouch to distension of infusing acid into 
the duodenum (for details see text). Conscious sheep, reticulo-rumen and abomasum 


emptied on the morning of the experiment; free flow between abomasum and 
duodenum, 


The introduction of 250-800 ml. of saline into the condom stimulated 
acid secretion by the pouch. In twelve out of sixteen trials on four sheep 
the response began within 15 min, reached a peak after 30-45 min and 
then declined to a low level, although the stimulus was applied for 90 min; 
large volumes did not appear to increase or prolong the response con- 
sistently. When the saline was drained from the condom any residual 
secretion by the pouch rapidly decreased and variable amounts of fluid 
flowed from the main body of the abomasum when the plug was removed 
from the abomasal cannula at the end of a period of stimulation. The 
titratable acid of the fluid ranged from a8 to 62 m-equiv/l. and on occasions 
contained bile pigment, 

The decline in the response which occurred after 30-45 min, irrespective 
of the distension volume, was probably caused by inhibition from an 
accumulation of acid in the. abomasum or duodenum rather than by 
adaptation to distension. This was investigated in two ways. First, an 
isotonic solution of NaCl-HCl (total acid 62-67 m-equiv/l.) was dripped 
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into the duodenum through a cannula situated 10 cm from the pylorus. 
The infusion (25 ml./15 min) began 15 min before and continued for the 
first 15 min of a period of distension. This procedure delayed the onset of 
the response but did not prevent a typical response occurring subsequently 
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pH abomasal fluid 
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Total acid (m-equiv/I. 
abomasal fluid) 
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Acid output of pouch 
(m-equiv/15 min) 


2 3 2 6 9 Hours 
istension vol. *Distension vol. ¢Distension vol. 

400 ml. mi. 800 ml. 
Fig. 4. The effect on acid secrétion by a pouch of distending the abomasum with 
@ saline-filled balloon. Top and centre panels show the pH and total titratable 
acidity respectively of the free fluid in the main body of the abomasum. Acid 
secretion by the pouch was not increased consistently by increasing the distension 
volume and appeared to be inhibited on each occasion when the pH value of the — 
abomasal fluid decreased to about 2-0. Conscious sheep, reticulo-rumen and 


abomasum emptied the night before the experiment; free flow between abomasum 
and duodenum. 3 


(Fig. 3). Secondly, small samples of fluid were withdrawn from the main 
body of the abomasum throughout periods of distension. During the 
initial stages of stimulation the increase in acid output by the pouch was 
accompanied by an increase in titratable acid and a decrease in pH of the 
free fluid in the abomasum. As the acidity of the fluid increased the 
secretion of acid by the pouch began to decline (Fig. 4). The acidity at 
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which inhibition occurred ranged from 81 m-equiv/l. (pH 1-2) to 23-4 
m-equiv/l. (pH 2-1). 

In three experiments distension was maintained for 2-3-75 hr, during 
which time a secondary increase in acid secretion by the pouch was 
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Fig. 5. A secondary increase in acid secretion by a pouch during’ a maintained 
period of distension. Top and centre panels show the pH and titratable acidity 
respectively of the free fluid in the main body of the abomasum. A typical response 
by the pouch (bottom panel) occurred during the first 90 min of distension and this 
was followed by a further increase in acid secretion associated with a decrease in 
acidity of the abomasal fluid. Conscious sheep, reticulo-rumen and abomasum 


emptied the night before the experiment; free flow between abomasum and 
duodenum. 


j 1 


3 Hours 


observed, and this was associated with a spontaneous decrease in the 
acidity of the abomasal fluid. When the saline was drained from the 
condom the secretion of acid by the pouch declined, indicating that 
distension was still the cause of the secondary rise (Fig. 5 and see also 
Fig. 4). These experiments indicate that mechanical stimulation of the 
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main body of the abomasum excites a secretion of acid but for secretion to 
be maintained acid must not accumulate in the abomasum or duodenum. 


The effect of introducing buffered solutions into the abomasum 


The effects on acid secretion were compared when approximately iso- 
tonic buffered solutions differing in composition were iritroduced into the 
abomasum. In any one experiment the volume of the test solutions was 
kept constant and solutions which caused small responses or failed to 
stimulate were interposed between stimuli which caused relatively large 
responses. The solutions were infused over a 15 min period at 39°C, - 
5-10 ml. of fluid were withdrawn from the abomasum at intervals and the 
pH measured. 

In the first experiment all the solutions were introduced at pH 6 and 
a comparison was made between the effect of a phosphate buffer and 
phosphate buffers containing 25 and 50 m-mole fatty acid/l. All three - 
solutions stimulated acid secretion but the responses were greater when 
fatty acid was present. Furthermore, the effect of fatty acid appeared 
to depend on its concentration. The acidity of the fluid in the abomasum 
increased progressively and when the pH reached 2-5-2-8 acid secretion 
by the pouch declined (Fig. 6). In this experiment, and one other, bile 
pigment was present in some of the samples obtained from the abomasum. 
In both trials a high pH was maintained for a longer time and acid. 
secretion by the pouch was prolonged. | 

The effect of the pH of the solution introduced into the abomasum was 
investigated in a further series of experiments. A phosphate-HCl solution 
(pH 2-1) containing 50 m-mole fatty acid/l. failed to cause a significant 
increase in acid secretion. The effect of this solution was bracketed between 
phosphate buffers containing 50 m-mole fatty acid/l. at pH 6, both of which 
stimulated acid secretion. 

These experiments appear to indicate that fatty acids potentiate acid 
secretion, but the differences in phosphate buffer alone and phosphate plus 
fatty acid may have been due to differences in the rate at which the 
solutions flowed out of the abomasum. In order to avoid this criticism 
the experiments were repeated on sheep in which outflow from the 
abomasum was prevented by closing the pyloroduodenal re-entrant 
fistulae. The word potentiation is used to describe the effect of fatty acid, 
since the introduction of a solution into the abomasum involves mechanical 


stimulation by distension. 


Experiments on the ‘isolated’ abomasum 
In the preparation illustrated in Fig. 1 outflow to the duodenum was * 


prevented and secretions from the upper part of the intestine could not 
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pH abomasal fluid 


Acid output of pouch (m-equiv/15 min) 


0 
—15 +15 +30 +45 +60 +75 


Fig. 6. A comparison of the effects on acid secretion by a pouch (bottom panel) of 
phosphate buffer alone and phosphate containing fatty acid at two pH values. The 
solutions, all volumes 300 ml., were introduced directly into the abomasum during 
the period indicated by the arrows (a) and in the following order : @——-@® phosphate 
containing 50 mm fatty acid; O———O phosphate buffer alone; @- - -@ phosphate 
containing 25 mm fatty acid. The effect of phosphate containing 50 mm fatty acid 
at pH 2-1.9——— was tested on the same sheep but in a different experiment from 
the other solutions. The top panel shows the pH of the fluid in the main body of the 
abomasum; bile pigment was present in the solution marked @- - -@. Conscious 
sheep, reticulo-rumen and abomasum emptied on the morning of the experiment ; 


free flow between abomasum and duodenum. 
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flow back into the abomasum. It was possible that some of the fluid 
introduced into the abomasum flowed into the omasum. Attempts to 
establish whether or not this did occur, using phenol red as a marker, were 
not entirely successful. It is difficult to wash the abomasum of conscious 
sheep completely free from solid particles, since small amounts cling to 
the mucosa, especially between the folds. An in vitro experiment showed 
that when solid material which had been centrifuged from normal abomasal 


contents was washed, dried and added to a solution of phenol red, the 


concentration of the dye decreased. This indicated that phenol red was 
bound to solid matter. High recoveries of the dye from solutions intro- 
duced into the abomasum were obtained only by repéated rinsing of the 
organ with large volumes of saline. This was undesirable because of the | 
stimulating effect which the procedure had on acid secretion. 

The method of testing the effects of different solutions with this prepara- 
tion was to introduce each solution into the abomasum and to follow the 
secretion of acid by the pouch at 15 min intervals for 60 min. Then the 
solution was drained from the abomasum and the interior of the organ 
rinsed once with 500ml. of saline. The conclusions were drawn from 
comparisons made in one experiment and not between experiments, e.g. the 


_ effect of phosphate buffers only and phosphate buffers — fatty « 


acid were compared on the same day. 

Phosphate buffers. At pH 6-0-6-9 these stimulated acid secretion but the 
rate at which secretion increased was relatively slow and sometimes 
erratic. 

Bicarbonate buffers at pH 6-1-6-7, containing 30-50 m-mole NaHCO,/I., 
made isotonic with NaCl or phosphate and bubbled with 100% CO,, 
stimulated secretion. The rate at which acid secretion increased appeared 
to be slightly faster than with phosphate buffer alone. 

Fatty acid buffers. These were introduced at pH 5-6-7-6 and the con- 
centration ranged from 50 to 160 m-mole/l. Solutions containing less than 
160 m-mole were made approximately isotonic with phosphate buffer. The 
rate at which acid secretion was excited was always greater than with 
phosphate or bicarbonate buffers and usually the responses were mor. 
stable. 

Rumen fluid. The pH of the fluid varied from 6-2-7:8 and this acne 
caused faster responses’ than phosphate or bicarbonate buffers. In three 
experiments the fatty acid concentration was 26-36 m-mole/l., and in one — 
an addition of fatty acid to the fluid increased its stimulating effect. | 

Volume effects. In three experiments 500 ml. of phosphate buffer and 
600 and 750 ml. of rumen fluid produced larger responses than 250, 400 
and 500 ml. of the same solutions respectively. 


pH effects. Phosphate-HCl solutions containing 50 m-mole fatty acid/l. 
13-2 
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at pH 2-2-2-4 failed to stimulate acid secretion appreciably or caused a 
decrease of any residual secretion. 
Figure 7 shows some of these responses. 
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Acid output of pouch (m-equiv/15 min) 


Fig. 7. A comparison of the stimulating effects of different solutions on acid 
secretion. a, phosphate + 50 mm fatty acid; b, phosphate buffer alone; c, phosphate . 
+30 mm NaHCO, bubbled with 100% CO,; d, phosphate+50 mm fatty acid; 

--e, phosphate-HCl+ 50 mm fatty acid; f, ramen fluid. The numerals below and above 
the arrows indicate the pH values of the solutions (all volumes 450 ml.) introduced 
into the abomasum and drained respectively. Conscious sheep, reticulo-rumen 
and abomasum emptied on the morning of the experiment; abomasum ‘isolated’. 
Maximum acid output of the pouch during normal feeding was equivalent to 
1-6 TT 15 min on a diet of 750 g of food/day. 


Maintained responses 


The previous experiments suggested that if a solution with a pH of 
6—7 was introduced into the ‘isolated’ abomasum, acid secretion should be 
stimulated and maintained until the acidity of the fluid in the body of the 
organ increased to a value at which secretion was inhibited. 

Rumen fluid.and solutions containing 50-160 m-mole fatty acid/I. 
usually produced well-maintained responses. Acid secretion by the pouch 
reached a peak in 45-90 min and then showed small fluctuations before 
decreasing rapidly; the progressive decrease in secretion was associated 
with an increase in the acidity of the solution in the abomasum. The pH at 
which inhibition occurred was decided upon in a somewhat arbitrary way. 
The value taken was that at the end of the 15 min period when acid output 
by the pouch showed an appreciable decrease from the two preceding 
periods and then continued to decline. The range of pH values at which — 
inhibition occurred was 20-26 for 160 mm fatty acid (4 experiments); 
2-6 and 2-8 for phosphate buffers containing 50 mm fatty acid; 1-9 and 
2-2 for rumen fluid and 2-0 for a bicarbonate buffer. These pH values are in 
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the same range as the contents flowing from the abomasum to the duo- 
denum of normally fed sheep. It was therefore essential to determine the 


effect of abomasal fluid on acid secretion. 


In two experiments the introduction of 500 ml. of abomasal fluid 
(pH 2-5, steam-volatile fatty acid 4 and 13 m-mole/l.) caused small but 


pH abomasal fluid 


° 
w 


(m-equiv/15 min) 


Acid output of pouch 


t 1 3 4 5 t 6 Hours 
a e 
Fig. 8. Maintained secretion with rumen fluid and the stimulating effect of abomasal 
fluid. At a, 500 ml. of rumen fluid was introduced into the abomasum and drained 
* at 6; c, 500 ml. of abomasal fluid, drained at d; e, 750 ml. of rumen fluid. The con- 
centration of fatty acid in the rumen fluid was 26 mm and in the abomasal fluid | 
4mm. Note the greater rate of increase in acid secretion with 750 ml. of ramen 
fluid compared with 500ml. Conscious sheep, reticulo-rumen and abomasum 
emptied on the morning of the experiment; abomasum ‘isolated’. Maximum acid 
_ Output of pouch during normal feeding was equivalent to 0-76 me 1-0 m equiv/ 
15 min on diets of 750 and 1250 g of food/day. 


' definite increases in wa secretion by the pouch; acid secretion declined at 


pH 1-9 in both experiments. Examples of a maintained response with 
rumen fluid and the stimulating effect of abomasal fluid are shown in 
Fig. 8. The volume of fluid drained from the abomasum at the end of the 
maintained responses was usually greater than that introduced, by amounts 
varying from 70 ml. with the phosphate-bicarbonate buffer to 360 ml. 
with the rumen fluids and the fatty acid buffers. 

In three experiments the changes in concentration of the steam-volatile 
fatty acid in the abomasal fluid were followed throughout a maintained 
response (Fig. 9). The concentration decreased progressively and at the 
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Fig. 9. An example of a maintained response with a fatty acid solution. At a, 500 ml. 
of approximately 155 mm fatty acid was introduced into the abomasum and 
10 ml. samples were removed at 15 min intervals thereafter for analysis. Top panel 
shows the pH (@—@®) and the concentration of fatty acid (O—O) in the abomasal 
fluid. The volume of fluid drained from the main body of the abomasum at the end 
of the response was 803 ml. Conscious sheep, reticulo-rumen and abomasum emptied 
on the morning of the experiment; abomasum ‘isolated’. Maximum acid output 

| from the pouch during normal feeding as in caption to Fig. 8. 


TaBLE 1. The amounts of fatty acid lost from solutions introduced into the abomasum 
tAmount of fatty acid 


(m-mole) 
A Final 
Intro- Re- pH Time 
*Composition of solution pH duced covered Lost ofsoln. = (hr) 
- 0-110 m phosphate + 0-050m V.F.A. 2°4 19-8 3-6 16-2 2-2 1-5 
0-165m V.F.A. 5-6 65-2 566 18° 30 
0-110 phosphate + 0-050 V.F.A. 6-7 20-2 186 2-2 325 
0-160m V.F.A. 7:3 80-5 15-7 64-8 1-8 
0-'55m V.F.A. 6-9 78 70-0 2-6 
0-155m V.F.A. 7:3 76°7 62-9 1-8 


* Approximate fatty acid concentrations. + Amounts calculated from analysis of the solutions. 
t Includes fatty acid recovered after rinsing abomasum; other values in this column include 
samples and drainings only. | 
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inhibitory pH the values were 21:0 mm (pH 2-1), 8-7 mm (pH 2-8) and 
19-2 mm (pH 2-2). The total amount of fatty acid which disappeared from 


_ the solutions in six experimental periods was calculated from the amount 


introduced and the amount recovered in the samples and drainings 
(Table 1). 
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Fig. 10. Failure to excite acid secretion by introducing solutions into the abomasum 
when the reticulo-rumen was empty. A: at a, 400 ml. of rumen fluid (pH 6-5) was 
introduced into the isolated abomasum and there was no response from the pouch 
until 3 1. of phosphate fatty acid (pH 6-5) was introduced into the reticulo-rumen 
at b, The dotted line represents a 75 min break in the record and the rumen and 
abomasum were drained 45 min before the next part of the record ; neither organ was 
rinsed. B: at a, 400 ml. of phosphate containing 100 mm fatty acid (pH 6-9) was 
introduced into the abomasum and again there was no acid secretion by the pouch 
until 3 1. of isotonic NaCl was introduced into the reticulo-rumen at b. Conscious 
sheep, reticulo-ramen emptied the night before the experiment. 


Inhibition of acid secretion 

Throughout the course of the work there were three experiments in 
which it was impossible to stimulate acid secretion by introducing solu- 
tions into the abomasum. In one of these rumen fluid (pH 6-5) and a 
phosphate buffer containing 100 mm fatty acid (pH 6-9) failed to stimulate. 
within 45 and 30 min. The introduction of 31. of phosphate plus 120 mm 
fatty acid buffer (pH 6-5) and isotonic NaCl respectively into the rumen 
and while the solutions were still in the abomasum, resulted in the onset of 
a response from the pouch (Fig. 10). The animal appeared brighter and more 
alert after the introduction of the solutions into the rumen. 

On two other occasions when maintained responses were in progress there 
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was a sudden and precipitous decrease in acid secretion 90 and 150 min 
after the solution was introduced into the abomasum; the pH values of 
the abomasal fluid were then 5-7 and 4-8 respectively. This form of inhibi- 
tion appeared to be associated with the sudden entry into the experi- 
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Fig. 11. Non-specific inhibition of acid secretion during a maintained response. At 

a, 500 ml. of approximately 160 mm fatty acid was introduced into the ‘isolated’ 

abomasum. At the time indicated by 6, the routine of the experiment wasinterrupted 

by a third person entering the experimental room. Top and centre panels, pH and 

concentration of fatty acid respectively in the fluid in the main body of the 

abomasum; bottom panel, acid output of the pouch. Conscious sheep, reticulo- 

rumen emptied on the morning of the experiment. Maximum acid output of the 

pouch during normal feeding was equivalent to 0-48 and 1-0 m-equiv/15 min on 
diets of 750 and 1025 g of food/day. 


mental room of a third person. Inhibition lasted for 30 min during which 
time the pH of the fluid in the abomasum increased slightly or decreased 
at a much slower rate than was usual (Fig. 11). 

Inhibition from specific stimuli. The maintained response provided a 
means of stimulating acid secretion in a physiological way so that specific 
inhibitory stimuli could be studied. The excitatory stimuli employed were 
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rumen fluid and buffers containing 50-160 mm fatty acid at pH 6-7. 
Inhibitory stimuli were applied either during the rising phase of acid 
secretion or at the beginning of the plateau. 
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a Adrenaline i.v. b c Adrenaline i.v. 

Fig. 12. Inhibition of acid secretion by adrenaline. At a, 750 ml. of a phosphate 
buffer containing 50 mm fatty acid was introduced into the ‘isolated’ abomasum 
and adrenaline 0-4 u.g/kg per minute was injected intravenously during the time 
indicated by the arrows. At b, 30 min break between this and next part of the record 
during which the solution was drained and the abomasum rinsed with saline. At 
c, 750 ml. of 160 mm fatty acid introduced and adrenaline 0-47 g/kg per minute 
was injected as indicated. Note the greater rate of rise of acid secretion with the 
stronger solution of fatty acid. The injections of adrenaline were made through 
a fine bore polythene cannula inserted into the jugular vein before the experiment. 
Conscious sheep, reticulo-rumen emptied on the morning of the experiment. 


Infusions of isotonic NaCl-HC! (total acidity 60-62 m-equiv/I.) into the 
duodenum caused a profound inhibition of secretion; isotonic NaCl did 
not prevent the onset of a response. | 

Maintained responses were completely abolished by atropine 0:25 mg/kg 
injected intravenously and completely or partially inhibited by adrenaline ~ 
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0-4 and 0-47 »g/kg/min infused intravenously over 5-10 min. The changes 
in pH and the concentration of fatty acid in the abomasal fluid were 
followed throughout the experiments when adrenaline was injected. 
During inhibition the pH decreased less rapidly with a phosphate buffer 
containing 50 mm fatty acid and definitely increased with the 160 mu 
fatty acid buffer (Fig. 12). 


DISCUSSION 


The stomach chambers of adult sheep are never completely free of food 
material, even after a prolonged fast, and it was necessary to empty them 
artificially in an attempt to obtain a standard preparation. Hill (1955) 
was the first to show that emptying and rinsing the reticulo-rumen and 
abomasum reduced or abolished the secretion of acid by the abomasum; 
he concluded that this was the result of removing sources of stimulation. 
The present experiments confirm Hill’s findings but suggest that the decline 
in acid secretion may be due partly, at least on some occasions, to inhibi- 
tion from the emptying procedure, an empty rumen, or both factors. This 
conclusion is based on the finding that in a dew experiments it was 
impossible to excite acid secretion by stimulation of the abomasum. It 
was necessary to bear in mind that the variability of the responses to 
different stimuli may have been caused by changes in the excitability of 
the preparation, and for this reason stimuli which caused small responses 
or failed to excite were interposed between those which invariably pro- 
duced large effects. | 

The experiments in which rumen fluid stimulated acid secretion when 
introduced directly into the abomasum are important, for they provide 
direct evidence for the previous suggestion that the flow into the abomasum 
of predigested food from the forestomach is the major stimulus of acid 
secretion (Hill, 1955; Ash, 1961). Moreover, if acid secretion is influenced 
by the amount of food material entering the abomasum it was essential to 
demonstrate that an increase in the volume of the inflow increased the size 
_ of the response. Rumen fluid from fasting sheep will resemble omasal fluid 
in that the concentration of fatty acid will be relatively low; the concentra- 
tion of bicarbonate will be slightly higher and that of chloride lower than 
in omasal fluid (Ekman & Sperber, 1953). For the purposes of these 
experiments the fluid entering the abomasum under normal feeding 
conditions was considered to be a buffered solution of phosphate, bi- 
carbonate and fatty acid. Predigested food from the forestomach may 
contain other substances, or other substances may be formed when the 
material is mixed with abomasal secretion, which influence the secretion 
of acid, but further information is required on their chemical nature before 
_ they can be investigated. 
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Balloon distension of the main body of the abomasum with volumes 
similar to those of the, abomasal contents of normally fed animals clearly 
stimulated acid secretion. Although a direct comparison was not made in 


_ any one experiment, it did appear as though balloon distension caused a 


more rapid increase in secretion than either phosphate or bicarbonate 
buffers. It is possible that the saline-filled balloon produced a greater and 
more localized tension in the wall of the abomasum than an approximately 
similar volume of the buffer. An additional factor may have been 
mechanical stimulation of the mucosa by the balloon during contractions 
of the abomasum. It was highly improbable that the pyloric antrum was 
distended in any of the experiments. The decline, but not always a com- 
plete inhibition; of acid secretion, which occurred during a maintained 
period of distension, appeared to be due to inhibition from acid. These 
findings are comparable with the effects produced by distension of the 
pyloric antrum in the dog (Gregory, 1958). The acidity of the fluid in the 
main body of the abomasum at which the acid output by the pouch began 
to decline was usually about pH 2-0. The secondary increases in secretion 
during a prolonged period of distension and the delayed onset of the initial 
response after acid was infused into the duodenum indicate that the 
receptors responsible for mediating the secretion stimulated by distension 
show little or no adaptation. This seems to be in common with some other 
phenomena associated with gastric distension (Paintal, 1954; Titchen, 
1958). 

The influence of chemical and physicochemical factors on acid secretion 
were investigated most conveniently on those preparations in which it was 
assumed that the test solutions were confined to the abomasum. As 
judged by the rate at which the different solutions caused acid secretion 
by the pouch to increase it is concluded that the presence of fatty acid in 
the abomasal contents potentiated the effect of phosphate buffers. Since 
all the solutions were in the same pH range during the rising phase of 
secretion and could not flow from the abonydsum the effect appears to be 
a true chemical one of the fatty acids (see Hunt, 1959). The aspect 
requiring further consideration is the importance of fatty acids in the 
abomasum as a factor influencing acid secretion during normal digestion 
and this will be related to their mode of action. Although fatty acid was 
absorbed from the solutions introduced into the abomasum, it would be 
unwise to suggest that the effect on acid secretion was mediated entirely, 
directly or indirectly, through an increase in the concentration of fatty 
acid in the circulation. A simple explanation for the effect seems unlikely, 
for Pennington (1952) found that in vitro the abomasal mucosa of sheep 
metabolized fatty acids remarkably well and in the following’ order : 
acetate > propionate and butyrate. In addition, Dobson & Phillipson 
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(1956) have shown that fatty acids increase the blood flow through rumen 
epithelium when fatty acid was introduced into the rumen. The possibility 
therefore exists that the influence of fatty acid in the abomasum on acid 
secretion may be partly the result of local actions which may include the 
increased release and/or formation of gastric hormone(s). Since the effect 
of fatty acid appeared to be related to the concentration in the abomasum 
and to whether the mechanisms are partly lotal ones, the significance of 


fatty acid in the abomasum of the normally fed animals will depend on the — 


concentration relative to the sites of action. A criticism of the present 
experiments is that the mucosa of the main body of the organ and the 
antrum were in contact with the same concentration of fatty acid. 

The stability, and hence the reliability, of the maintained responses was 
influenced by the concentration of fatty acid in the solution introduced 
into the abomasum and the external conditions of the experiment. The 
magnitude and the duration of the response could be controlled to some 
extent by adjusting the volume of the test solution and the concentration 
of fatty acid therein. Because of the rapid decrease in concentration of 
fatty acid in the test solutions through dilution and absorption it was 
necessary to use high concentrations in the initial solution. The main- 
_ tained response does offer a way of stimulating acid secretion continuously 
and under relatively controlled conditions so that inhibitory stimuli may 
be studied. 

The prepotent intra-abomasal stimulus influencing the secretion of acid 


was the acidity of the abomasal contents, but the threshold acidity at | 


which secretion failed to be stimulated was not well defined. The decline 
in acid secretion by the pouches began at pH 1-9—2-8. The interpretation 
of the threshold pH in these experiments was complicated by the pro- 
gressive decrease in fatty acid concentration in the test solutions. This 
was not the major reason for the decline in the response, because solutions 
containing 50 mm fatty acid at pH 2-1-2-4 also failed to stimulate. The 
critical pH for gastrin release in dogs is within a very narrow range and 
is approximately 1-5 for HCl solutions (Woodward, 1960; Woodward & 
Dragstedt, 1960). An important finding in the present work was that acid 
secretion was stimulated by abomasal contents (pH 2-5) obtained from 
fasting and normally fed sheep. The pH of the food material flowing from 
the abomasum to the duodenum during continuous acid secretion by inner- 
vated pouches is usually 2-3 and there does not appear to be any obvious 


correlation between the output of acid and the pH of the food material 
(Ash, 1961). Although acid inhibition may be a graded response to changes _ 


in the acidity of the abomasal contents, it seems most likely that the 
amount of acid secreted during normal feeding is influenced chiefly by the 


_ volume and possibly by the fatty acid concentration of the abomasal 
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contents. Support for this argument is provided by the experiments in 
which greater responses from the pouches were produced by larger volumes 
of fluid in the abomasum (Figs. 2 and 8), solutions containing fatty acid 
(Figs. 6 and 7) and different concentrations of fatty acid (Fig. 6). 

In some of the experiments an increase in the pH of the abomasal 
contents was observed during the initial stages of acid secretion and also 
when acid secretion was inhibited. There is evidence that when acid 
secretion is abolished the residual secretion contains bicarbonate (Ash, 
1961); this factor plus the normally alkaline secretion of the antrum (Ash, 
1959¢) would tend to increase the pH of the abomasal contents slightly 
during a complete inhibition of acid secretion. Other mechanisms con- 
tributing to the pH changes may be the rapid absorption of free fatty acid 
(Danielli, Hitchcock, Marshall & Phillipson, 1945) and the exchanges of CO, 
and bicarbonate (Masson & Phillipson, 1951; R. W. Ash and A. Dobson, 
unpublished observations) which have been demonstrated in the rumen. 
An increase in the pH of the abomasal contents can be expected provided 
similar mechanisms occur in the abomasum when fatty acid is absorbed 
and at a greater rate than acid secretion is stimulated. | 

The outputs of acid by the pouches when stimuli were applied solely to 
the abomasum were usually less than the maxima observed in the same 
sheep during feeding experiments. Such a comparison is not really valid 
because there may have been differences in the absolute or relative strengths 
of the stimuli under the two entirely different sets of experimental condi- 
tions. It is difficult to know whether the animal with an empty reticulo- 
rumen is partly inhibited or whether there is direct excitation of acid 
secretion from the forestomach of normally fed sheep. The experiments 
reported in this paper do not preclude the excitation of acid secretion from 
the forestomach and duodenum, but it is quite clear that acid secretion 
by the abomasum can be controlled adequately through the conditions 
within the abomasum. 


SUMMARY 


1. Preparations and methods are described which allow the study of 
intra-abomasal factors on acid secretion by innervated abomasal pouches. 
2. Distension of the main body of the abomasum with a saline-filled 
balloon stimulated acid secretion; inhibition of secretion occurred when 
the acidity of the free fluid in the abomasum increased to about pH 2-0. 
3. The mechanisms responsible for mediating the secretion stimulated 
by distension showed little or no adaptation. | 
4. The introduction of rumen fluid and buffered solutions at pH 5-7 
directly into the abomasum stimulated acid secretion. Secretion was 
usually well maintained until the acidity of the fluid in the abomasum 
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increased to pH 1-9-2-8. Large volumes of fluid produced greater responses 
than small ones. 

5. The presence of fatty acid (acetic: propionic: butyric, 70:20:10, 
25-50 mm) and increased concentrations (50-160 mm) of these metabolites 
in the solution potentiated the responses. 

6. Fatty acid was absorbed from the solutions introduced into the 
abomasum. 

7. Phosphate-HCl solutions (pH 2-1-2-4) containing 50 mm fatty acid 
failed to stimulate acid secretion appreciably when introduced into the 
abomasum. Abomasal fluid (pH 2-5) from fasting and normally fed sheep 
evoked a small but definite response. 

8. Acid secretion was inhibited by psychic stimuli, the introduction of 
HCl into the duodenum and by intravenous injections of adrenaline and 
atropine. | 

9. The possible role of stimuli acting in the abomasum on acid secre- 
tion during normal digestion in the sheep is discussed. 


I wish to thank Dr A. T. Phillipson for his advice throughout the work and in the prepara- 
tion of the manuscript. I am indebted to Mr P. K. Briggs for permission to quote his 
unpublished results on the fatty acid concentrations in omasal fluid. Mr J. Dunnett and 
Miss Mary Smith are thanked for their skilled technical assistance. 
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THE EFFECT OF REPEATED DAILY EXPOSURE TO COLD 
AND OF IMPROVED PHYSICAL FITNESS ON THE META- 
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ERRATUM 


Taytor, M. G. & Unumann, EvIsaBeru. 
J. Physiol. 157, 38-63. 


_P. 53, Table 2 heading, Free flow: 


for ‘Urine GFR 
(ml.) (ml.) 
read Urine GFR 


(ml./min) (ml./min) 


Delahaye, Green, Hatcher & Page, 1954; Osima, 1957) and cold acclima- 
tization gives rats (Sellers, Scott & Thomas, 1954; Cottle & Carlson, 1956 ; 
Heroux, Hart & Depocas, 1956) the power to raise their metabolic rate in 
the cold without muscular activity. Muscle, skin and rectal temperatures 
were also measured to try to confirm or refute the theory of Carlson, 
Young, Burns & Quinton (1951) that cold-acclimatized men maintain 
higher skin and rectal temperatures in the cold at the expense of larger 
falls in the temperature of intermediate tissues. 


METHODS 


Subjects and procedure. The subjects were 14 naval ratings who volunteered for a 
experiments; it had been hoped to study 30 men but this number of volunteers could not 
found. The men were given extra pay and leave as an inducement to volunteer for the 
experiments, which were made in January, February and March, 1960. Before the éxperi- 
ments the men had been carrying out routine duty in the British Isles, generally as ground 
personnel at Fleet Air Arm stations; this often involved some outdoor work, but never 


involved exposure to severe or prolonged cold. On the first 2 days they were given practice 
14 _-PHYSIO. CLVIT 
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Experimente made to determine the effect of field acclimatization to cold 
on men’s metabolic response to cold have given conflicting results (Burton, 

1941; Leblanc, 1956; Scholander, Hammel, Hart, LeMessurier & Steen, 
1958). These might be explained in part by the observation that different 
types of quite brief exposure to cold in the laboratory may either decrease 
(Keatinge, 1959; Keatinge & Evans, 1961) or increase (Keatinge, 1960) 
the metabolic response to cold, probably through central nervous adjust- 


‘ments. The present experiments were therefore designed to show whether 


more prolonged exposure to cold caused similar changes in metabolic 
response, and whether physical training, which generally accompanies 
field acclimatization, alters men’s subsequent metabolic response to cold. 
Changes in basal metabolic rate and in non-shivering heat production were 
also looked for, since there are reports that the basal metabolic rate of men 
may change with the season (Gessler, 1925; Brown, Bird, Boag, Boag, 
Delahaye, Green, Hatcher & Page, 1954; Osima, 1957) and cold acclima- 
tization gives rats (Sellers, Scott & Thomas, 1954; Cottle & Carlson, 1956; 
Heroux, Hart & Depocas, 1956) the power to raise their metabolic rate in 
the cold without muscular activity. Muscle, skin and rectal temperatures 
were also measured to try to confirm or refute the theory of Carlson, 
Young, Burns & Quinton (1951) that cold-acclimatized men maintain 
higher skin and rectal temperatures in the cold at the —, of larger 
falls in the temperature of intermediate tissues. 


METHODS 


Subjects and procedure. The subjects were 14 naval ratings who volunteered for the 
experiments; it had been hoped to study 30 men but this number of volunteers could not be 
found, The men were given extra pay and leave as, an inducement to volunteer for the 
experiments, which were made in January, February and March, 1960. Before the experi- 
ments the men had been carrying out routine duty in the British Isles, generally as ground 
personnel at Fleet Air Arm stations; this often involved some outdoor work, but never 
involved exposure to severe or prolonged cold. On the first 2 days they were given practice 
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at wearing mouth-pieces and nose-clips and their height, weight, fat thickness, basal 
metabolic rate and the depth of the blood vessels in their index fingers were measured. The 
men then spent a day in the cold room. Before entering it they sat for 45 min wearing their 
normal clothing in a room at 30-33° C, at the end of which their skin and rectal temperatures 
were measured. They then removed most of their clothing, entered a cold chamber at 
6° C+1° C wearing only short trousers, ankle socks and half-Wellington rubber boots, and 
sat down in the cold room with their fingers apart and resting on a wooden table top. 
A circulating fan gave air movement of about 30 cm/sec. At the end of 30 min their skin 


and rectal temperatures were measured again and during this 1st 30 min their expired air 


was collected, to determine their metabolic rate, and in some cases an electromyograph 
record was made. For the next 6}hr the men remained in the cold chamber wearing 
shorts, socks and boots, sitting or standing and listening to a radio or playing cards. A hot 
lunch was brought to them during this time. They then sat still again with fingers spread 
out for 30 min while the measurements made in the morning were repeated and two 15 sec 
electromyograph records were made on each man. At the end of this 30 min when the men 
had been in the cold for 74 hr, the temperature of the muscle of their forearms was measured 
with a needle thermocouple. 

The men were then divided into 3 groups. During all except 2 of the next 19 days five of 
the subjects (‘cold subjects’) spent 74 hr a day in the cold room, again wearing only shorts, 
socks and boots and sitting or standing; five men (‘control subjects’) read books or did light 
tasks indoors in a warm room; and four men (‘working subjects’) spent approximately 7} hr a 
day doing a stepping exercise (18 cm, 24 cycles/min) indoors, or playing football or taking 
other strenuous exercise, often outside when the weather was fine. The ‘working’ subjects 
were always warm and were usually sweating while they were training; their metabolic rates 
were found to be 4-4—7-2 kcal/min during the stepping exercises. On the 10th and 11th of 
these 19 days, men in all groups were allowed to go home and do what they liked. At the 
end of the period of 19 days all the men spent a further day in the cold room, in which the 
experimental procedure of the first day in the cold was repeated. The cold subjects therefore 
spent 7} hr/day in the cold room on 19 days out of 21. During the next 2 days the measure- 
ments made in the warm were repeated under the same conditions as before. All measure- 
ments on the cold, working and control subjects given the same numeral (e.g. 2a, 2b and 2c), 
were made simultaneously. 

Metabolic determinations. Metabolic rates were determined from expired air, collected 
by mouth-pieces and nose-clips and passed into either Douglas bags or a Max-Planck 
Institute Respirometer. The oxygen and CO, content of the air was measured by an auto- 
matic analyser (Hartmann and Braun A/G, Frankfurt am Main); its volume was either 
read directly from the Respirometer or measured by blowing the Douglas bags through the 
Respirometer. The metabolic rate was calculated by the method of Weir (1949) based on 
the expired air volume corrected to s.t.p. and the difference between the oxygen concentra- 
tion in the inspired and expired air. The CO, concentration in the cold room and its oxygen 
deficit were measured at the middle of each period of collection, and were of the order of 
0-3—-0-4 %. The error of the volume measurements was + 1 % and that of the oxygen analyser 
was +2% of the difference between the oxygen concentrations in the inspired and expired 
air. For basal determinations the men went without breakfast and lay quietly in a dark 
room at 22° C for 45 min, before the 15 min collection of expired air was made from which 
their basal metabolic rate was determined. 

Electromyograph records. A strip of waterproof adhesive plaster (Smith & Nephew, Ltd.) 
containing 2 circular holes, 7 mm in diameter and 4 cm apart, was placed across the upper 
part of the right forearm, the two exposed circles of skin scrubbed clean with soap and water, 
and contact made between each of them and a silver plate by a sponge soaked in saline. 
These plates were connected to the leads of an ‘Elema’ ink-jet electrocardiograph apparatus. 
In some experiments similar records were made over the biceps or the pectoralis major 
muscles instead of the forearm, as these showed more activity during shivering. 
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Temperature readings. Rectal temperature was measured by thermocouples inserted | 
11cm and skin temperature by stirrup thermocouples. These thermocouples have been 
described elsewhere (Keatinge, 1959). Intramuscular temperature was measured by a 
thermojunction built into the tip of a No. 8 intramuscular needle. All the thermojunctions 
were welded and made from 28 gauge copper and constantan wire. The cold junction was 
in a flask of distilled water and ice, and the e.m.f. was led through a distributor box to a 
potentiometer whose readings were accurate to the nearest 0-05°C. Skin temperature 
readings were made at the base of the terminal phalanx of the left index finger, the flexor 
surface of the left forearm just below the elbow, and the left side of the back, 5 em from the 
mid line at the level of the iliac crest. The intramuscular needle was inserted into the ulnar 
group of forearm muscles, 4 cm distal to the elbow and to a depth of 2-0 cm. © 

Thickness of epidermis. A sharp, hollow No. 16 needle was made to protrude through a 
flat layer of thick Perspex, the distance it protruded being adjusted by a screw thread. 
While the men’s skin blood vessels were dilated in a warm room the device was pressed 
against the centre of the pad of the left index finger repeatedly with the needle protruding to 
progressively greater depths until a spot of blood appeared when the finger was squeezed. 
The depth at which the needle then protruded was taken as the depth of the blood vessels 
from the surface. 

Weight, and subcutaneous fat thickness. The men were weighed wearing drawers only. Their 
skin-fold thickness was measured by ‘Harpenden’ calipers at the sites used previously 
(Keatinge, 1959). 


RESULTS 


The subjects. Table 1 shows the height, weight, and mean skin-fold 
thickness of the men. One man, 5b, was really obese both in appearance 
and as assessed by his skin-fold thickness, and subject 3a was also rather _ 


TaBLE 1. Height, fat thickness and weight of the subjects 


Mean . 
skin-fold 
Height thickness Weight 
Subject (cm) (mm) (kg) 
Cold subjects 
la 168 7:95 66-7 
2a 163 1033 59-9 
3a 175 11-65 71-2 
4a 174 9-40 73°7 
5a 195 9-30 68-5 
Mean 171 | 9-73 68-0 
Control subjects 
1b 166 59-0 
2b 174 12-38 18-7 
3b 181 6-73 
: 4b 162 9-35 64-4 
5b 171 21-40 88-9 
Mean 171 11-42 72-9 
Working subjects 
le 180 9-93 71-4 
2c 177 5-48 65:1 
3c 184 8-38 81-0 
4c 173 8-10 67-8 
Mean 179 7:97 71-3 
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fat both in appearance and as judged by his skin-fold thickness. Subject 2c 
was the thinnest man. 

General observations. The men were generally unable to concentrate on 
a book for more than a few minutes at a time on their first day in the cold, 
but during the next 4-6 days in the cold the ‘cold’ subjects’ subjective 
discomfort decreased and they were thereafter able to read for long periods. 
This subjective improvement was only relative, however, and all men still 
found a day in the cold unpleasant even at the end of the period of acclima- 
- tization. The subjective improvement was noticed most in the afternoons 
and the men generally found the first hour or two in the cold room at 
least as unpleasant towards the end of the 19 days as at the start. The men 
often complained of muscular stiffness, mainly in the shoulders, at the end 
of their first day in the cold. This ceased after a few days of acclimatization. 


Resear 2. Effect of acclimatization to cold and of improved physical fitness on 
metabolic rate during first 30 min in cold room (kcal/min) 


Exposure to cold Controls Physical training 
Subject Before After Subject ‘Before After Subject Before After 
la 1:73 2-02: 1b 1-77 1-56 le 1-95 1-75 
2a 150 1-62 2b 1-70 
3a 1-66 1-32 3b. 1-83 1-68 3c 1-75 
4a 189 - 2-28 46. 1-63 1:84 . 4c 1-49 1-15 
Sa... 1:83 1-68 5b 1-57 1-50 


Mean 1-72 1-78 Mean 1-70 1-67 Mean 2-12 1-67 
| *Sd 0-130, P < 0-05. 
In Tables 2, 3, 6 and 8, *Sd refers to the difference between results before and after 
acclimatization. 


Visible shivering and electromyographs. During the first 30 min of a day 
in the cold room the men appeared to shiver less after physical training 
than before it, but acclimatization to cold had no obvious effect on, and 
certainly did not reduce, the intensity of the men’s shivering during their 
first 30 min in the cold. During the last 30 min in the cold room, improved 
physical fitness did not appear to alter the intensity of their shivering but 
the men appeared to shiver less after than before acclimatization to cold. 
_ Shivering was intermittent and no quantitative assessment of the electro- 
myograph records has been attempted; the records merely confirmed the 
presence of muscular activity in the acclimatized men in the cold room. 

Metabolic rates. Table 2 shows that improved physical fitness. reduced 
the men’s metabolic rate in the first 30 min in the cold room. Acclimatiza- 
tion to cold on the average slightly increased the metabolic rate at this time. 


although it decreased it in two men, one of whom (3a) was the fattest of. 


the group, and the other of whom (5a) was noticed to be particularly 
anxious on the first occasion. Table 3 shows that acclimatization to cold 
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reduced the men’s metabolic rate measured 7-7} hr after they entered the 
cold room, but that improved physical fitness did not do so at this stage 
of the exposure to cold. Table 4 shows that neither acclimatization to cold 
nor improved physical fitness altered the men’s basal metabolic rates. 


TABLE 3. Effect of acclimatization to cold and of improved physical fitness on 
metabolic rate during last 30 min in cold room (keal/min) 


Exposure to cold — Controls Physical training 
Sybject Before After Subject Before After Subject Before After 
la 294 1b le 3941-09 
3a BQ 3b 2828-04 
40 8408-88 46 2-43 (2-06 4c 226 (2-90 
2405 5b 288219 


Mean 2-84 2-49 Mean 2-40 2:39 Mean 2-78 2-72 
Sd 0-081, P < 0-025. 


TABLE 4. Effect of acclimatization to cold and of improved physical fitness on basal 
| metabolic rate (kcal/min) 


Exposure to cold Controls Physical training 

Subject Before After Subject Before After Subject Before After 
la 1-13 1-29 1b . 1-22 1-14 le 1-37 1:31 
2a 1-35 1-30 2b 1-33 1-45 2c “1-19 1-33 
3a 1-18 1-03 3b 1-56 1-42 3c 1-46 1-31 
4a 1-47 1-30 . 4b 1-26 1-47 4¢ 1-18 1-20 

5a 1-24 1-45 5b 1-24 1-36 
Mean 1-27 1-27 Mean 1-32 1-37 Mean 1-30 1-29 


TaBLxE 5. Rectal temperature just before entering the cold room (° C) 


Exposure to cold Controls | Physical training 
Subject Before After Subject Before After Subject Before After 
la 37:35 37:20. .1b. 37-45 37-50 le 387-40 36-85 
2a 37-16 37-30. 25 37-45 87-15 
‘8a. 37-10 37-10 3b. 37-05 3c 37:60 37-20 
‘4a 37-40 37-85 46 «87-15 37-60 4c 3675 37-10 


Mean 37-18 37-24 Mean 37°46 37:39 Mean 37:23 37-08 


Principal temperature findings. Table 5 shows that improved physical 
fitness tended to lower the rectal temperature of the working subjects at 
the time they entered the cold room, though the change was not significant. 
Table 6 shows that acclimatization significantly increased the rate at which 
their rectal temperature fell during 7} hr in the cold room. Table 7 shows 
that neither acclimatization nor physical training altered the temperature 


taken up by the men’s fingers after 7} hr in the cold room. This temperature 


was always under 14° C. 
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Tables 8 and 9 show that acclimatization to cold did not have any con- 
sistent effect on either the forearm skin or forearm muscle temperature 
after 74 hr in the cold room; both were higher in some men after acclimati- 
zation, but in subject 3a both were substantially lower after acclimatiza- 
tion. However, improved physical training significantly increased the 


TABLE 6. Effect of acclimatization to cold and of improved physical fitness on the 
fall in rectal temperature during 74 hr in cold room (° C) 


Exposure to cold Controls Physical training 
Subject Before After Subject Before After Subject Before After 
la 0-20 0-25 1b 0-85 0-90 le 0-90 0-10 
2a 0-35 0-40 2b 0-75 0-25 2¢ 0-10 0-00 
3a 0-10 0-55 3b 1-00 0-80 3¢ 100 0-30 
4a +010 * 4b 0-50 4c 1-50 
Mean 0-02 030 Mean 0:59 052 Mean 0-45 0-48 


Sd 0-0943, P < 0-05. 


TABLE 7. Effect of acclimatization to cold and of sera physical fitness on finger 
temperature after 74 hr in cold room (° C) 


‘hae to cold | Controls Physical training 
Subject Before After Subject Before After Subject Before After 
1b 8-1 8-9 le 12-9 10:1 
2a 13-3 13-6 2b 12-6 10-7 2e 11-6 125 
3a 10-6 10-2 3b 10-0 9-7 3c 9-1 11:8 
4a 93 4b 9-4 12-1 4c 12:1 10-7 
5a 11:9 9-3 5b 9-8 10-5 


Mean 11-2 10-8 Mean 10-0 10-4 Mean 11-4 11:3 


TaBLE 8, Effect of acclimatization to cold and of improved physical fitness on forearm 
skin temperature after 74 hr in cold room (° C) 


Exposure to cold Controls | Physical training 
Subject Before After Subject. Before After Subject Before After 
la 23:4 246 1b 24-2 25-4 le 18-6 20-4 
2a 24-5 26 22-5 2¢ 22-0 
3a 23-6 20-9 3b 23:0 23-6 22:0 25-2 
4b 20:8 21-2 4c 20-4 -22-0 
5a 24-6 5b 201 20-0 


Mean 23-4 24-0 Mean 22:1 . 22-7 Mean 20-8 23-0 
Sd 0-364, P < 0-01. 


forearm skin temperature during this time, and on average increased the 
forearm muscle temperature. 

Other results. The men’s finger, forearm and back temperatures just 
before entering the cold room were always between 33 and 37-5° C; they 
were not significantly altered by acclimatization or physical training. 
There was no significant difference before and after acclimatization or 
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physical training in the rate at which the men’s finger or forearm skin 
temperatures fell in the first 30 min in the cold room, although both were 
on average maintained better after physical training than before it. 
Neither acclimatization nor physical training significantly altered the 
men’s back temperatures at any stage in the cold room or the rate at 
which their rectal temperatures fell in the first 30 min in the cold. Nor 
did they alter the depth of the blood vessels from the surface of the index 
fingers. Men in all groups tended to gain weight during the experiments, 
on average 0-5 kg for the control group, 1-3kg for the cold group, and 
2-0 kg for the working group. The increases were not significantly different. 


TaBLE 9. Effect of acclimatization to cold and of improved physical fitness of forearm 
muscle temperature after 7} hr in cold room (° C) 


Exposure to cold Controls Physical training 
Subject Before After Subject Before’ After Subject Before After 
lo’ 908 ‘Bt 1b 30-6 le 26-3 293 
2a 32:2 325 2b 31-1 2c 295 
3a. 3b 33-0 33-9 3c 34-4 35-0 
4a 31-4 30-5 4b — (28-6)* 4c oo (27-8)* 

5a 31-5 32-2 5b 30-9 30-2 


Mean 31:5 30-9 Mean 31-4 30-5 Mean 301 31-1 
* Figures in brackets not included in means. 


DISCUSSION 
Effect of physical training 

It is clear that improved physical fitness reduced the men’s early 
metabolic response to cold. There is no evidence how it brought about the 
change, but since the reduction was observed more than 12 hr after the 
last period of exercise it cannot have been due to acute fatigue. The 
possibility that the thickness of the epidermis increased, and reduced the 
response to cold by protecting the cutaneous thermo-receptors, is virtually — 
ruled out by the measurements of the depth of blood vessels. Quite hard 
and prolonged physical training seems to be necessary to reduce the meta- 
bolic response, since a single 160 min period of moderate physical exercise 
(Keatinge, 1960) did not reduce the metabolic response of men to subsequent 
cold immersion. Since physical training generally accompanies field 
acclimatization to cold, it probably plays a part in changes produced by 
this. In particular, it could account for the reduced metabolic response 
observed by Leblanc (1956). 

The men also maintained rather higher forearm skin temperatures, 
presumably as a result of higher peripheral blood flow, after physical 
training. This confirms the observation of Adams & Heberling (1958) that 
men maintained higher skin temperature after physical training, and 
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training was probably responsible for the reduced vasoconstrictor response 
to cold observed by Keatinge & Evans (1958) in men after 10 days training 
in snow-covered country; the possibility of this was pointed out at the 
time, since the cold stress did not seem severe while the exercise was. The 
higher peripheral blood flow may explain why improved physical fitness 
did not reduce the metabolic rate after 7 more hours in the cold room 
(Table 3); since physical training increased the peripheral temperatures, 
and so presumably the heat loss, the men must ultimately have required 
higher metabolic rates in the cold after than before physical training. This 
may explain why Scholander, Hammel, Andersen & Loyning (1958) 


observed higher skin temperatures and higher metabolic rates after 


acclimatization in a group of men living and working outside continuously 
in air near freezing point. 


Effect of acclimatization to cold on the size of the metabolic response to cold 

Reports about the effect of acclimatization to cold on the metabolic 
response to cold have given different results, even if one ignores experi- 
ments in which a substantial amount of physical training is likely to have 
complicated the acclimatization. Burton (1941) reported that while 
heavily-clothed men generally had a poor metabolic response to cold, 
heavily clothed men used to life in a cold climate had a larger one, and 
Keatinge (1960) observed that exposure of men to ain at 5° C for 160 min 
increased their metabolic response to a 30 minimmersion at 15° C later in the 
day. On the other hand the metabolic response of men immersed for 20 min 
in water at 15°C was reduced by repeated immersion at this temperature 
(Keatinge, 1959; Keatinge & Evans, 1961) and Scholander, Hammel, Hart 
et al. (1958) observed lower metabolic rates and larger falls of skin and 
rectal temperatures during the night in aborigines than in Europeans 
sleeping out in Australia, where night temperatures were low but day 
temperatures were high. These various findings could be explained as 
adjustments made by the central nervous system, not necessarily at 
conscious level, in the light of experience obtained during acclimatization. 
On this interpretation the metabolic response to cold is accelerated, 
presumably by a conditioned reflex, when the experience obtained during 
acclimatization suggests that the cold stress will be prolonged and will 
become more severe than the early sensory stimulus indicates, while the 
response is reduced if the experience during acclimatization suggests that 
the exposure will soon cease and that a large response is unnecessary. The 
increase in the early metabolic response to cold often observed, together 
with the decrease in metabolic rate at the end of the day always observed, 
after daily exposure to cold in the present experiments, can hardly be 
ascribed to anything other than central nervous adjustments of this kind. 
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This interpretation of changes in the metabolic response is in keeping with 
certain changes observed in other responses to cold; the heart rate and 
blood pressure response to immersion of a hand for 60 sec in ice-water, 
a painful cold stimulus, is reduced by repetition, probably through the 


. central nervous system (Glaser & Whittow, 1957; Glaser, Hall & Whittow, 


1959), and the respiratory and heart-rate, as well as the metabolic, 
responses of men to immersion for 20 min in water at 15° C are reduced by 
repeated immersion at this temperature (Keatinge & Evans, 1961). 


Effect of acclimatization on skin temperature in the cold 
Repeated exposure to cold did not increase the men’s skin temperature in 


the cold. Glaser (1950) reported that men maintained their skin tempera- 


tures in the cold slightly better after repeated exposure to cold, although 
Stein, Eliot & Bader (1949) reported contrary evidence in men allowed to 
work occasionally during their exposure to cold. Mackworth (1952) has 
reported that repeated exposure of heavily clothed men to cold without 
exercise reduced their finger numbness in the cold, although the difference 
could only be detected if the tests were made under strictly limited condi- 


tions of cold stress. Krieder, lampietro, Buskirk & Bass (1959), studying 


men living for 14 days in air at 15-6° C and not taking exercise, found that 
at night, when the men had some protection from a sheet and blanket, tliey 
tended to maintain higher skin and lower rectal temperatures after than — 
before acclimatization, although their daytime skin and rectal tempera- 
tures did not change. It therefore seems probable that repeated exposure 
to cold can modify somewhat the vasoconstrictor response of man to a 
limited degree of cold, perhaps by central nervous adjustments like those 
postulated to explain the metabolic changes, but such vascular modifica- 
tions appear to be comparatively small. 7 ; 


Theory of heat loss from a larger shell after acclimatization 


Carlson et al. (1951) obtained indirect evidence that a group of men lost 
heat from a larger ‘shell’ after they were acclimatized to cold in the field 
and Carlson, Burns, Holmes & Webb (1952-3) obtained evidence from 
intramuscular temperature measurements on three men, who were made to 
live in a cold climate, which they considered to give some support to their 


theory. In the present experiments acclimatization failed either to increase 


the subjects’ skin temperatures, to lower their intramuscular temperatures, — 
or to reduce their falls in rectal temperature in the cold (after 7} hr in the 
cold) as the theory predicts. The effect of physical training on the men’s . 
metabolic rate in their first 30 min in the cold, and on their forearm skin 
temperatures was, however, similar to that observed by Carlson et al. (1951) 
after acclimatization, and it seems possible that improved physical fitness 
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was responsible for these authors’ findings. As pointed out by these 
authors, an increase in the body shell would confer certain advantages 
during brief exposures to cold. It may well be produced briefly by physical 
training and by some types of acclimatization to cold, but the present 
experiments do not suggest that such a change plays an important part in 
acclimatization. 


Non-contractile heat production in the cold and in the basal state 


The question of whether the metabolic response of warm acclimatized 
adult men to cold is entirely due to increased muscle tone and to shivering 
has been the subject of prolonged dispute, but on balance (Chatonnet, 
1959) there seems little doubt that muscular contraction is responsible for 
at least the major part of their response. However, rats acclimatized to 
cold acquire the ability to increase their heat production in the cold without 
shivering or other muscular activity (Sellers e¢ al. 1954; Cottle & Carlson, 
1956; Heroux et al. 1956; Depocas, 1960). The present subjects apparently 
did not acquire this ability to an important extent, since changes in the 
intensity of their shivering were associated with similar changes in meta- 
bolic rate. 

Nor did the men’s basal metabolic rate change. The basal metabolic rate 
of Eskimos (Brown e al. 1954) and of people living in poorly-heated 
European (Gessler, 1925) and Japanese (Osima, 1957) houses may increase 
in winter. However there is doubt about the significance of the change, 
at least in Eskimos (Rodahl, 1952; Burton & Edholm, 1955), and Schol- 
lander, Hammel, Hart e¢ al. (1958) reported only a small increase in the 
basal metabolic rate of Europeans during 6 weeks of severe field acclimati- 
zation to cold; neither months of intermittent exposure to cold (Leblanc, 
1956) nor 1-2 weeks continuous exposure of Europeans to moderate cold 
(Horvath, Freedman & Golden, 1947; Iampietro, Bass & Buskirk, 1957) 
have been found to increase the basal metabolic rate. The present observa- 
tions are in keeping with the last findings, and show that while the meta- 
bolic response of men to cold was changed by 3 weeks of quite severe 

daytime exposure to cold, their basal metabolic rate was not. 


SUMMARY 


1. A group of men wearing only shorts and footwear sat or stood in air at 
5-7° C for 7} hr a day on 19 out of 21 days. Another group was given 
physical training in warm conditions during this time, except on the first 
and last days, when they kept still in the cold room. __ 

2. The basal metabolic rate did not change in either group, and no 
evidence was found that the men acquired any important means of 
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increasing their heat production in the cold other than by increased 
muscle tone and shivering. 


3. Repeated exposure to cold generally increased the men’s immediate 
metabolic response in the cold room, but it always decreased their metabolic 
rate at the end of a day in the cold and it increased the rate at which their 
rectal temperatures fell. These changes are attributed to central nervous 
adjustments. 

4. Physical training in the warm reduced the men’s immediate metabolic 
response to the cold room and caused them to maintain rather higher fore- 
arm skin temperatures. 


These experiments were supported by the Survival-at-Sea Subcommittee of the Royal 
Naval Personnel Research Committee. Surgeon Captain F. P. Ellis, R.N. arranged for 
naval volunteers to be made available, Sub-Lieutenant D. R. James carried out the daily 
administration connected with them during the experiments, and Mr R. Luff and S. B. A. 
R. Bell gave technical assistance. . 

I am grateful to Mr E.-C. Bate-Smith, Director of the Low Temperature Research Station, 
Cambridge, for the use of the cold room. | 
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STRUCTURAL DIFFERENCES OF FAST AND SLOW 
- EXTRAFUSAL MUSCLE FIBRES AND THEIR 
NERVE ENDINGS IN CHICKENS 


By A. HESS 


From the Department of Anatomy, Washington University School of 
Medicine, St Lowis, Missouri, U.S.A. | 


(Received 25 November 1960) 


‘Kuffler & Vaughan Williams (1953a, b) have shown that in the frog | 
‘slow’ extrafusal muscle fibres occur, which undergo a sustained contracture 
when the nerve to them is stimulated, rather than a contraction or twitch. 
It has been shown in the frog that the ‘slow’ or tonic muscle fibres are of 
the Felderstruktur type and a single muscle fibre has several ‘en grappe’ 
type nerve endings (diffuse, multiterminal, distributed or ‘over-all’ inner- 
vation), while twitch or ‘fast’ (phasic) muscle fibres are of the Fibrillen- 
struktur type and each, in general, has a single ‘en plaque’ or end-plate 
type nerve ending (discrete or focal innervation) a 1949; Giinther, 
1949; Gray, 1957, 1958; Hess, 1960). 

Kriiger (1950) and Kriiger & Giinther (1958) Mass dont in a variety of 
_ species of bird that Felderstruktur fibres and ‘en grappe’ endings are found 
in the anterior latissimus dorsi (exclusively) and the medial part of the 
gastrocnemius (primarily), while Fibrillenstruktur muscle fibres and ‘en 
plaque’ terminations are found in the posterior latissimus dorsi (exclusively), 
the lateral part of the gastrocnemius (predominantly) and exclusively in 
the pectoralis major, extensor metacarpi radialis and the flexor metacarpi 
ulnaris. Ginsborg (1960), by intracellular recording from single muscle 
fibres in the chicken, found both ‘slow’ and ‘fast’ fibres in the biventer 
cervicis, only ‘slow’ fibres in the anterior part of the latissimus dorsi, only 
‘fast’ fibres in the posterior part of the latissimus dorsi and the extensor 
carpi radialis profundus, and some ‘slow’ fibres in the semispinalis cervicis. 
In addition, he has deduced from his physiological experiments that 
multiple or diffuse endings, about 340 » from each other, occur on the 
‘slow’ muscle fibres. 

It is attempted in the present investigation to study further the structure 
of the muscle fibres in chickens to see if morphological differences do 
indeed occur and, if so, to define these differences further. Also, it is 
attempted, by the use of the cholinesterase technique, to see the nerve 
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endings on these muscle fibres, to describe their structure and any dif- 
ferences which might occur in different muscles, and to give direct mor- 
phological evidence for the occurrence of diffuse multiterminal endings. 


METHODS 


Adult chickens, chickens of 2-3 months, and chickens varying in age from newly-hatched 
to about 1 week in age, were used. The muscles used were the biventer cervicis and both 
parts, anterior and posterior, of the latissimus dorsi. For study of the structure of the 
muscle fibres, the muscles or pieces of muscle were fixed in Dalton’s or Susa’s fluid for 
1 hr in an extended state, dehydrated, and embedded in methacrylate. Thin sections were 
cut for viewing the muscle fibres in the electron, microscope, thicker sections were used for 
the phase-contrast microscope. 

For the cholinesterase technique, the muscles were fixed in 10% glyoxal in tap water 
treated with calcium carbonate, teased, and stained by a modified Koelle technique, as 
described previously (Hess, 1960). The teased preparations were incubated in acetyl! or 
butyryl thiocholine iodide with or without previous treatment with diisopropylfluoro- 
phosphate (DFP). The teased preparations were mounted in glycerine. 


RESULTS 
The structure of the muscle fibres 


In the frog the ‘slow’ extrafusal muscle fibres were seen to. differ 


structurally from twitch fibres in the distribution of fibrils and a granular 
sarcoplasm, in the appearance of the Z-disk, and in the presence of lipid 
droplets (Hess, 1960). The ‘fast’ Fibrillenstruktur muscle fibre had lipid 


droplets, discrete fibrils each surrounded by sarcoplasmic granules, and — 


presented a Z-disk running straight across the fibril. The ‘slow’ Felder- 
struktur muscle fibre had no lipid droplets. Its fibrils were more haphazard 
in arrangement and not always surrounded by sarcoplasm, but adjacent 
fibrils appeared rather to touch or join each other at some places along their 
length. In addition, the Felderstruktur fibres always had’a Z-disk running 
 @ Zig-zag course across the width of the fibril. In transverse sections of 
these kinds of muscle fibres viewed in the phase-contrast microscope, the 
Fibrillenstruktur fibre had a punctate appearance with each discrete fibril 
visible, while the fibrils of the Felderstruktur fibre appeared more hap- 
hazard, irregular and larger, as if several fibrils had joined together. 

In the chicken from hatching to about 7 days of age it is difficult to see 
any obvious differences in transverse sections of the muscle fibres in the 
phase-contrast microscope because of the small size of the fibres. The 
differences exist, but are not as obvious as they are in the muscles of adult 
chickens. Similarly, in transverse sections of muscle fibres viewed in the 
electron microscope, the differences in the distribution of the fibrils in 
different muscles of the young chicken are present but not obvious. The 
contracture which the fibres of the anterior latissimus dorsi undergo during 
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fixation makes it difficult to obtain an exact transverse section. However, 
in longitudinal sections of muscle fibres from newly-hatched chickens to 
those of 7 days of age the differences in the muscle fibres are striking 
(Pl. 2A, B). The muscle fibres from the posterior part of the latissimus 
dorsi have lipid droplets, the individual fibrils are discrete and surrounded 
by a few sarcoplasmic granules, and: the Z-disk is always seen running 
straight across the fibril (Pl. 2.4). The muscle fibres of the anterior latissimus 
dorsi are quite different. Here no lipid droplets are present, the fibrils do 
not appear as individuals and are not surrounded by sarcoplasm but appear 
to join their neighbours at'several places along their length, and the Z-disk 
. takes a zig-zag course across the width of the fibril (P]. 2B). In the biventer 
cervicis both kinds of muscle fibre can be found. 

Chickens 2-3 months after hatching also present these obvious differences 
in structure (Pl. 2C, D). However, no lipid droplets were encountered in 
the anterior or posterior latissimus dorsi of chickens of this age. 

Adult chickens also present this picture (Pl. 3). Here the muscle fibres 
are large and the muscle fibrils can be seen quite clearly. In Susa-fixed 
material cut in transverse section and viewed in the phase-contrast micro- 
scope, the differences in the arrangement of fibrils in the muscle fibres can 
be seen (Pl. 1). The muscle fibres of the posterior latissimus dorsi have a 
punctate appearance (Pl. 1A), while the fibrils of those of the anterior — 
latissimus dorsi are larger and more irregular and haphazard in appearance 
(Pl. 1B). The adult chicken differs from the younger chickens examined in 
the occurrence of lipid droplets; both kinds of muscle fibre can have lipid 
droplets. As in younger chickens, the biventer cervicis has both kinds of 
muscle fibre (Pl. 3.4, B). ; 

Thus, the posterior latissimus dorsi consists almost entirely (see below, 
p. 224) of ‘fast’ Fibrillenstruktur muscle fibres, while the anterior latis- 
simus dorsi is composed entirely of ‘slow’ Felderstruktur muscle fibres. 
The biventer cervicis has both kinds of muscle fibre; although counts were 
not made, the general impression is that one kind of muscle fibre is about 
as numerous as the other in the latter muscle. The presence of lipid droplets 
_ is apparently not a significant difference between ‘fast’ and ‘slow’ muscle 

‘fibres in chickens. 


The nerve endings of the muscle fibres 


_ The morphology of the endings. Staining of cholinesterase reveals the 
' motor endings. The posterior latissimus dorsi of the newly-hatched to 
7-day-old chicken has endings that are variable in shape (Pl. 4D). They 
can appear as a dark line or blob of material on the muscle fibre. Fre- 
quently the endings appear annular and form hollow circles. The endings 
can also be seen to: be surrounded in many instances by a darker 
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staining border of cholinesterase, which is apparently the sub-neural 
apparatus. 

The anterior latissimus dorsi of the newly-hatched to 7-day-old thinker 
has endings that vary very much in shape (Pl. 4C). The endings appear as 
a line or sometimes two or just a few streaks of cholinesterase-stained 
material. Circular endings, as seen in the posterior portion of the muscle, 
have not been found in the anterior part of the latissimus dorsi. A darker- 
stained border, probably equivalent to a sub-neural apparatus, can also be 
seen on some endings, although not as frequently or as clearly as in the 
nerve endings in the posterior latissimus dorsi. 

The adult chicken reveals a rather drastic transformation in the shape 
of its nerve endings, compared to the newly-hatched chicken. The end- 
plates of the posterior latissimus dorsi (Pl. 4H, H, J, J) sometimes appear 
as relatively long finger-like extensions of cholinesterase-stained material. 


In other instances a series of intensely stained droplets comprises the — 


ending. The endings of the anterior latissimus dorsi (Pl. 4G) are typically 
‘en grappe’ in structure. They appear as clusters or groups of droplets of 
cholinesterase-stained material and are very variable in shape. The biventer 
cervicis has many muscle fibres with end-plates and many other fibres 
have ‘en grappe’ endings (Pl. 4A, B, F). The posterior latissimus dorsi 
also has a few muscle fibres with ‘en grappe’ endings (Pl. 4K). The end- 


plates of the posterior latissimus dorsi are easily differentiated from the © 


‘en grappe’ endings of the anterior latissimus dorsi after cholinesterase 


staining. The end-plates are stained more intensely, occupy a greater — 


extent of the muscle fibre, and as will be seen below, occur singly on a 
muscle fibre, whereas the ‘en-grappe’ endings are stained relatively 
lightly, consist of only a few droplets or a small cluster, and several area 
always occur on a single muscle fibre. | 

All chickens of all ages have both true and pseudo-cholinesterase in their 
motor nerve endings, whichever the kind of ending. Incubation in acety] 
thiocholine iodide after treatment with DFP reveals all nerve endings 
stained somewhat less intensely than without DFP treatment. Incubation 
in butyryl thiocholine iodide also reveals all nerve endings, although all the 
endings, especially the ‘en grappe’ type, are stained much more lightly. 
Incubation in butyryl thiocholine iodide after DFP treatment inhibits the 
staining of all nerve endings. 

The distribution of the endings. End-plates and ‘en grappe’ terminations 
were never found on the same muscle fibre. 

In the newly-hatched to 7-day-old chicken individual muscle fibres are 
difficult to tease, and are about 10, in thickness. However, when 
individual fibres are teased, it is possible to see a difference in the distri- 
bution of the endings between the muscle fibres of the anterior and 
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posterior parts of the latissimus dorsi. The posterior latissimus dorsi, as 
far as can be determined, has one ending per muscle fibre, while the 
anterior latissimus dorsi has several endings per muscle fibre, distributed 
rather evenly along the muscle fibre at distances of about 250-350 pe 
(Pl. 40). It is difficult to tease the small muscle fibres of the newly- 
hatched chicken for any great length and thus difficult to ascertain if only 
one ending occurs per muscle fibre in the posterior latissimus dorsi. 

In the adult chicken the teasing of the muscle fibres becomes relatively 
easy, and the fibres are about 60 » in diameter. Fibres of 1 cm or more in 
length were teased from the posterior latissimus dorsi and on none of these 
fibres on which an end-plate occurred was there more than one nerve 
ending. The few fibres from the posterior latissimus dorsi with ‘en grappe’ 
endings always had several endings along their length (Pl. 4 K). The endings 
of adjacent muscle fibres occur at about the same level. 

It is relatively more difficult to tease the fibres of the anterior latissimus 
dorsi, even in the adult, probably because of the ‘slow’ characteristics of 
these fibres and their tendency to undergo a contracture. Fibres were 
teased for distances of about 8 mm. All fibres revealed several ‘en grappe’ 
endings along their length, separated by distances of about 1000 » from 
each other. The endings are separated from each other by rather regular 
distances. The endings of adjacent fibres also occur nearly at the same level 
on the muscle fibre. 

The fibres of the biventer cervicis present an advantage for preparing — 
teased preparations in that the ‘slow’ fibres, mixed in with twitch fibres, 
are rather easier to tease. Muscle fibres with ‘en grappe’ endings were 
teased for distances of 1 cm or more. As an example, one fibre about 12 mm 
in length had 11 ‘en grappe’ endings at distances of 1200 y, 900 p, 800 p, 
1000 p, 1000pu, 900u, 1200 1700 1000 » and 1100 from each other, 
_ which indicates the rather regular disposition of ‘en grappe’ endings along 
the ‘slow’ muscle fibres of the chicken (Pl. 4.4, B). 


DISCUSSION 
_ Extrafusal muscle fibres are of two kinds and their similarities and 
differences may be generally summarized as follows: (a) ‘slow’ muscle 
fibres which undergo contracture and do not give rise to a propagated 
potential when repetitively stimulated are of Felderstruktur type and are ~ 
innervated by small motor nerve fibres which form multiple ‘en grappe’ 
endings on each muscle fibre; (b) ‘fast’ muscle fibres which undergo a 
twitch and have a propagated potential with every stimulus are of 
Fibrillenstruktur type and are innervated by large motor nerve fibres — 
which form usually one ‘en plaque’ ending on each muscle fibre. End- 


plates and ‘en grappe’ endings never occur on the same muscle fibre. This 
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will be referred to as the general scheme of muscle fibre innervation in om 
ensuing discussion. 

Fish muscle fibres deviate from this scheme. ‘Fast’ muscle fibres of the 
fish have ‘over-all’ innervation (Barets, 1955; Barets & Le Touzé, 1956; 
Takeuchi, 1959) or nerve endings at each end of the muscle fibre (‘myo- 
septal’ endings) (Barets, 1952; Barets, Fessard & Le Touzé, 1956). 
Nevertheless, these fibres are called ‘fast’ because they have ‘aborted’ 
action potentials which, although not identical to the twitch fibres of the 
frog, resemble the propagation of ‘fast’ frog fibres more closely than the 
‘slow’ fibres of the frog (Barets & Le Touzé, 1956; Barets et al. 1956; 
Takeuchi, 1959). The ‘slow’ fibres of the fish conform more closely to the 
scheme, undergo contracture and have multiple endings (Barets, 1952; 
- Barets & Le Touzé, 1956; Takeuchi, 1959). The ‘slow’ muscle fibres of the 
fish are innervated by small nerve fibres, the ‘fast’ fish muscles by large 
fibres (Barets, 1952, 1955). Fish muscle fibres differ in théir internal 
structure. However, muscle fibres with the same internal structures can 
be found in both ‘slow’ and ‘fast’ muscles. It is rather in the distribution 
of muscle fibres of different internal structure in ‘fast’ and ‘slow’ muscles 
by which the morphological contrasts between these kinds of muscle can 
be seen (Barets, 1952). 

Amphibian muscle fibres conform to the scheme, as has already been 
mentioned in the introduction. However, there are amphibian muscle 
fibres which have myoseptal endings (Mackay, Muir & Peters, 1960; Lewis 
& Hughes, 1960) and which presumably would also have membrane 
characteristics different from typical Lowa ’ or ‘slow’ fibres. Their internal 
structure is as yet unknown. 

Chicken muscle fibres, as shown in the present study, conform very well 
to the scheme. The size of the nerve fibres innervating the ‘fast’ or ‘slow’ 
chicken muscle fibres has not yet been determined. Although preliminary 
studies of the nerve to the anterior latissimus dorsi indicate that there are 
many small myelinated fibres, a more crucial study of deafferented nerves 
is necessary before making any further statement on the size of motor 
nerve fibres innervating the ‘slow’ extrafusal fibres of chickens. This 
problem is further complicated by the occurrence of spindles and intra- 
fusal fibres in the anterior latissimus dorsi of the chicken which have been 
seen to have multiple endings (Hess, unpublished observations) and which 
would presumably be innervated by the same size nerve fibres as those 
innervating the ‘slow’ extrafusal fibres. In addition, Ginsborg (1959) and 
Ginsborg & Mackay (1960) havereported that ‘diffusely innervated (chicken) 
fibres are capable of responding to adequate stimulation with propagated 
action potentials’. Amphibian ‘slow’ fibres apparently do not react in 
this way. This difference might be accounted for by the distribution of the 
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multiple nerve endings, which are scattered and irregular and can be very 
close together in the frog (endings were seen with only 60 or 120 » between 
them (Hess, 1960)), while in chickens of the age used by Ginsborg, the 
‘en grappe’ endings appear to be rather evenly distributed along the length 
of the muscle fibres (about 250-350 « between endings), are perhaps less 
concentrated than those of the frog, and occur at about the same level on 
adjacent muscle fibres. — | 
More work must be done before it can be determined if mammalian 
extrafusal muscle fibres fit into this scheme. The occurrence of muscle 
fibres of Felderstruktur or Fibrillenstruktur types in mammals has not 
yet been confirmed, although the discoverer of such muscle fibres in frogs 
and birds believes that they occur (Kriiger & Giinther, 1955). The situation 
is especially difficult since ‘en grappe’ endings are said not to occur on the 
extrafusal muscle fibres of mammals (except in eye muscles, see Tiegs, 
1953) and ‘slow’ extrafusal muscle fibres are not found physiologically in 
mammals (Kuffler et al. 19536), although Kriiger (1960) believes that they 
do occur and that the same correlations can be made in mammals as in 
frogs and birds. In addition, the small motor nerve fibres in mammals are 
said to go to intrafusal muscle fibres only (Kuffler & Hunt, 1952). 
Intrafusal muscle fibres have also been investigated with this scheme 
in mind. Frog intrafusal fibres receive large or small motor fibres (Katz, 
1949) and can have ‘en grappe’ multiple terminations or end-plate type 


endings (Gray, 1957). The membrane characteristics of the frog intrafusal 


fibre, even those with multiple nerve terminations, resemble twitch fibres 
more closely than ‘slow’ fibres (Koketsu & Nishi, 1957a). The differences 
between ‘slow’ extrafusal fibres and intrafusal fibres might be accounted 
for by the multiple terminations on intrafusal fibres being less concentrated 
than on ‘slow’ fibres (Koketsu & Nishi, 1957b). Similarly, in mammals, 
intrafusal fibres with multiple motor terminations react physiologically 
with propagated potentials like ‘fast’ muscle fibres (Eyzaguirre, 1960). 
Intrafusal mammalian fibres receive large or small motor fibres and have 
end-plate endings or multiple endings (Boyd & Davey, 1959; Diete-Spiff & 
Pascoe, 1959; Hess, 1961). However, the multiple motor endings are 
restricted to the juxta-equatorial region of the intrafusal fibre adjacent to 
the equatorial region where the sensory innervation occurs (Hess, 1961). 
This restriction of multiple motor nerve terminations to a limited region 


of the muscle fibre might account for the physiological similarities of the 


intrafusal muscle fibre and a ‘fast’ muscle fibre. Kriiger (1960) and Barker 
& Gidumal (1960) have found differerices in the myofibrillar arrangement 
in mammalian intrafusal muscle fibres. The correlation between kind of 


mus¢le fibre and kind of nerve ending remains to be worked out. 


The source or origin of the multiple terminations remains to be ~ 
| | 15- 


1 
J 
| 
3 
a 
3 
} 
dg 
wig 


8. | A. HESS 


mined in many of the above cases. I have concerned myself here only with 
the occurrence of multiple motor endings. These endings could come from 
- the branches of a single axon in a peripheral nerve and hence from a single 
cell in the spinal cord or the branches of axons of several nerve cells could 
end on a single muscle fibre (polyneuronal innervation). In some cases, 
a single axon has been seen to pass along a muscle fibre and make endings. 
In other instances, polyneuronal innervation has been proven. I have not 
dealt directly with this problem in this investigation. 

The multiply innervated muscie fibre seems to make its appearance 
first in the phylogenetic series of animals. Invertebrate muscles are inner- 
vated in this manner (see Hoyle, 1957). The similarities of invertebrate 
muscles and those of fish, where even the ‘fast’ muscle fibres are multiply 
innervated, are striking. The presence of ‘slow’ multiply innervated fibres 
in frogs and chickens and the multiply innervated intrafusal fibres of frogs, 
chickens and mammals indicates that these multiply innervated fibres, 
‘slow’ or ‘fast’ or classified in. between these two extremes, are present 
throughout all animal groups. Just as ‘the chief and most characteristic 
functions of nervous and other excitable tissues are performed by means 
of graded responses’ and the ‘all-or-none response is a special case of the 
general property of excitability’ (Bishop, 1956), so it may be that the ‘slow’ 
multiply innervated muscle fibre appears first phylogenetically, undergoes 
modification in the distribution of its nerve endings and its ability to 
propagate an impulse and can be either ‘fast’ or ‘slow’ or in between, and 
is still present, highly modified, as the intrafusal muscle fibre in the highest 

SUMMARY 

1, The extrafusal muscle fibres of chickens were studied in the electron 
_ and phase-contrast microscopes. Their nerve endings were examined in 
teased preparations after staining with the cholinesterase technique. 

_ 2. Fibrillenstruktur muscle fibres have regular fibrils, each surrounded 
by sarcoplasm and granules. The Z-disk runs straight across the width 
of the fibril. These are the twitch or ‘fast’ fibres. 

3. Felderstruktur muscle fibres have irregular fibrils apparently joining 
with each other at certain points along the length of the fibrils, the fibrils 


are not regularly surrounded by sarcoplasm and granules, and the Z-disk — 


appears zig-zag across the width of the fibril. 
4. The presence of lipid droplets is apparently not a significant dif- 
ference between ‘fast’ and ‘slow’ muscle fibres in chickens. 
5, End-plate endings are the ordinary kind of ending and occur one 
per muscle fibre on Fibrillenstruktur muscle fibres only. 
6. Several ‘en grappe’ terminations occur on each muscle fibre and only 
fibres of Felderstruktur. 
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7. The posterior latissimus dorsi of the chicken from hatching to 1 week 
of age, from 2 to 3 months of age, and adult, consists almost entirely of 
muscle fibres of Fibrillenstruktur which have one ordinary end-plate on 
each fibre. There are, however, a few fibres which receive several ‘en grappe’ 
terminations in the posterior latissimus dorsi and are probably of Felder- 
struktur type. 

8. The anterior latissimus dorsi of such chickens consists entirely of 
muscle fibres of Felderstruktur. Several ‘en grappe’ terminations are 
found on each of these muscle fibres, occurring regularly along the length 
of the muscle fibre and separated by distances of about 250-350 py in 
1- to 7-day-old chickens, and by about 1000 , in adults. 

9. The biventer cervicis consists of mixed Fibrillenstruktur and Felder- 
struktur muscle fibres, the former with one end-plate type ending per 
muscle fibre and the latter with several ‘en grappe’ terminations on each 
muscle &bre. 


I wish to thank Dr Bernice Grafstein of the Department of Physiology of McGill University 
for her advice, discussion and active participation in the beginning of this investigation. 
This investigation was supported in part by research grants B-1487 and B-425 from the 
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EXPLANATION OF PLATES 


All photo-micrographs are from chicken muscles. The scale marks on the electron photo- 
micrographs represent 1 ,; those on the light and phase-contrast peohontememphs represent 
10 

Pl. 1. Susa-fixed, embedded in methacrylate, transverse sections, phase-contrast micro- 
graph. A. The posterior latissimus dorsi, Fibrillenstruktur. B.'The anterior latissimus dorsi, 
Felderstruktur. 

Pl. 2. A, B, Chickens from hatching to 7 days, longitudinal section, electron micrograph. — 
A. The posterior latissimus dorsi, Fibrillenstruktur. B. The anterior latissimus dorsi, © 
Felderstruktur. C, D. Chickens of 2-3 months, longitudinal section, eléctron micrograph. 
C. The posterior latissimus dorsi, Fibrillenstruktur. D. The anterior latissimus dorsi, 
Felderstruktur. 

Pl. 3. A, B. Adult chickens biventer cervicis, longitudinal section, electron micrographs. 
A Fibrillenstruktur muscle fibre is on the top of each photograph; a Felderstruktur muscle 
fibre is on the bottom of each photograph. 


7 
5 
| 
4 
j 


uer- 
des 


ition 


uscle 


< 
=) 


tion 


vith 


af 


J 


:. HESS | (Facing p. 230) 


The Journal of Physiology, Vol. 157, No. 2 Plate 1 
tion. 
. 26, 
of 
mit 
hen. § 
des 
for 
Dis. 
ials, 
ane 
etal A 
lin - 1 
67. 
»to- 
ent 
sil, t 
ph. 4 f 
rsi, 
ph. 
ahs. 
scle 
| 


Plate 2 


The Journal of Physiology, Vol. 157, No. 2 


- 


A. HESS 


By 
~~ 
} ‘ 
¥ 
4 
| 
| 
= 
Rat 
d 
q 
t 
Bee 
: 
4 


ate 2 The Journal of Physiology, Vol. 157, No. 2 


Plate 3 ‘ 
ALC 
4 q 
HESS 
« 
ca 


Plate 4 


The Journal of Physiology, Vol. 157, No. 2 


A. HESS 


| 
J 
aa 
: 
t 


STRUCTURE OF EXTRAFUSAL MUSCLE FIBRES 231 


Pl. 4, Teased muscle fibres, cholinesterase stain. A, B, ZH, K are the same magnification; 
C, D, F-J are the same magnification. A, B. ‘Hn grappe’ endings from the biventer cervicis 
of adult chicken. Montage; the fibre in A and B is continuous at the arrow. Four out of 
11 ‘en grappe’ endings on this fibre are seen. X is a piece of dirt, not an ending. C. ‘En 
grappe’ ondings from anterior latissimus dorsi of 3-day-old chicken. D. ‘Hn plaque’ endings 
from posterior latissimus dorsi of 3-day-old chicken. HZ. ‘En plaque’ endings from posterior 
latissimus dorsi of adult chicken. F'. ‘Hn grappe’ ending from biventer cervicis of adult 
chicken. G. ‘Hn grappe’ ending from anterior latissimus dorsi of adult chicken. H, I, J. 
‘In plaque’ endings from posterior latissimus dorsi of adult chicken. K. ‘En grappe’ 
endings from posterior latissimus dorsi of adult chicken. 
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RENAL TRANSTUBULAR FLUX OF ELECTROLYTES IN DOGS 
WITH SPECIAL REFERENCE TO CALCIUM 


By F. BRONNER anp D. D. THOMPSON 


From the Hospital for Special Surgery and the Department of Medicine, 
Cornell University Medical College, New York 21, New York, U.S.A. 


(Received 4 January 1961) 


Increasingly it is being realized that the appearance of a given ion in the 
urine is the resultant of various fluxes across the many membranes making 
up a nephron. Some of the evidence for the existence of ion fluxes in the 
kidney is as follows: Oken, Whittembury, Windhager, Schatzmann & 
‘Solomon (1959) were able to demonstrate the existence and to measure 
the extent of sodium flux into (‘influx’) and out of (‘efflux’) the proximal 
tubule of Nectwrus. Using an approach that has served as a basis for the 
study reported here, Chinard & Enns (1955) demonstrated tubular influx 
of sodium, concluding from their observations that most of the sodium and 
chloride excreted in the urine had been added to the urine by a transtubular 
route (see also Chinard, 1957). That portions of the renal tubule are 
permeable to Na and “K has recently been confirmed by Morel & 
Falbriand (1959), who used a combination of stop-flow and isotope tech- 
niques. Earlier, Hoshiko, Swanson & Visscher (1956) had demonstrated 
that sodium and potassium move rapidly across the renal tubular cells of 
the bull frog. | 

Whereas it is uncertain whether transtubular sodium flux constitutes 
secretion in the conventional sense, potassium secretion is known to occur 
(Smith, 1951), some investigators (Morel, 1955; Davidson, Levinsky & 
Berliner, 1958) maintaining that the potassium in urine is largely derived 
from potassium secreted in the distal portion of the nephron. 

The renal handling of the divalent cations calcium and magnesium, and 
that of the associated phosphate anion(s), on the other hand, has been 
explored much less. The general topic of calcium excretion in urine is 
reviewed by Irving (1957). Recently several workers (Howard, Wilde & 
_ Malvin, 1959; Wesson & Lauler, 1959; Samiy, Brown, Globus, Kessler & 
Thompson, 1960a) have reported that calcium is reabsorbed in a far distal 
area of the nephron of the dog, but the magnitude of proximal reabsorption 
of the electrolyte could not be determined in any of these experiments. 

The present report offers evidence for bidirectional flux of calcium 


across the renal tubular epithelium. Further, it describes experiments 
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designed to relate the excretion pattern of calcium to those of potassium, 
sodium, strontium, magnesium, phosphate and exogenous creatinine in 
an attempt to define regions of transtubular calcium movement. Finally, 
it reports measurements of the specific activities of kidney tissue, blood 
plasma and urine, made in an attempt to relate tissue uptake and turnover 
of the injected isotopes to the observed excretion patterns. A preliminary 
account of this work has already appeared (Bronner & Thompson, 1959). 


METHODS 


Male or female mongrel dogs weighing 15-20 kg were anaesthetized by the intravenous 
injection of sodium pentobarbital, 30 mg/kg body weight. Through an incision made in the 
left flank the left renal artery was approached retroperitoneally with just sufficient dissection 
about it to identify its origin clearly. An incision was then made along the mid line of the 
lower abdomen, the urinary bladder was located and the ureters identified at the point 
where they entered the bladder wall. A small nick was made in each ureter and a small 
polyethylene catheter (1:19 mm internal diameter) inserted into each, advanced about 
4cm and tied securely. The length of each catheter and the distance it was inserted were 
kept identical in each individual experiment, so that catheter delay would be similar on 
the two sides. An osmotic diuresis was initiated by the infusion of 10% mannitol in NaCl 
solution, 0-9 g/100 ml., at a rate of approximately 10 ml./min. In most experiments the 
urine flow was elevated to about 6 ml./min from each kidney before experimental collections 
were begun. The polyethylene catheters were then attached to a ratchet-driven fraction 
collector with an electronic variable timer, which permitted the reproducible collection of 
sequential, precisely timed specimens of urine from each kidney. (The apparatus was 
designed by Dr F. Chinard and Mr J. Armant of Johns Hopkins Medical School, Baltimore, 
and built by Mr Armant.) 

When the urine flow was adequate, the left renal artery was exposed, a curved No. 22 or 
No. 23 needle was introduced through the wall of the aorta near the origin of the renal 
artery and advanced into the latter approximately 1 cm. The urine fraction collector was 
started, and after two or three urine samples had been obtained, | ml. of solution, con- 
taining one or more isotopes together with 20-30 mg of creatinine, was injected rapidly 
(1-2 see). The injected solution was made essentially isosmolal with blood by the addition 
of NaCl, and the pH was adjusted to between 7:40 and 7-50. When “Ca was used, the 
calcium concentration of the solution was made up to 0-1 mg/ml. 

“Ca (Catalogue no. Ca“5-P-3), *P(Catalogue no. P**-P-1), “Na, and **K were obtained 
on allocation from the U.S. Atomic Energy Commission, Oak Ridge National Laboratory. 
*2Na and ®§r were purchased from Nuclear Science & Engineering Corporation, Pittsburgh. 
The inulin-carboxylic acid-“C (List No. 6795) was purchased from Abbott Laboratories Inc. 
with a specific activity of 0-26 mc/g. **Mg was obtained on allocation from the U.S. Atomic 
Energy Commission, Brookhaven National Laboratory, Upton, New York. Essentially 
carrier-free isotopes were used in all cases except **Mg. In the latter instance, approximately 
10-20 mg Mg had to be used per injected dose, this being the maximum available specific 


_ activity. To make sure that all the phosphate-**P was in ionic, rather than in complexed 


form, the radioactive phosphate solution was heated in a boiling water-bath for 20 min before 
use, 

The injection was usually completed by the time approximately half of the first sample 
had been collected. In the calculation of transit time (see Table 1) and in the plotting of the 
excretion patterns, this delay was taken into account. Usually 30 urine samples, each 
collected over a period of 8-15 sec, were obtained from each ureter following the arterial 
injection. 
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In nearly all cases animals were used in two, and sometimes in three, successive experi- 
ments. At first a given experiment was repeated in two successive trials on the same animal. 
Later, animals were subjected to two different procedures in two successive experiments. 

Creatinine. The urine samples were analysed for creatinine by a modification of the Jaffe 
method (Lauson, 1951). 

Calcium. Analysis for calcium was carried out by a modification (Bronner, Harris, 
Maletskos & Benda, 1954) of the method of Salomon, Gabrio & Smith (1946). In general, 
urine and all plasma samples were wet-ashed with a 1:1 mixture of HNO,-HCIO, before 
analysis; only very dilute urine samples could be analysed directly by precipitation of the 
calcium with oxalate. Tissue samples were usually ashed in a muffle furnace before analysis 
was carried out (Bronner et al. 1954). When urine samples in individual collection tubes 
were to be analysed for calcium, the method of Kingsley & Robnett (1958) was employed, as 
it allowed analysis of samples containing 5-20 yg. The precision of the latter method was 
between 5 and 10 % s.p., whereas a precision of better than 2 % | S.D. was achieved by the 
titrimetric analysis of the oxalate precipitate. 

Sodium and potassium were determined by flame photometry, with lithium as an internal 
standard. 

Phosphate analysis was carried out on the Technicon Autoanalyzer (Technicon Instru- 
ments Co.) by a method that is based on the phosphomolybdate colorimetric reaction 
originally described by Fiske & Subbarow (1925). It had previously been tested in our 
laboratory for conformance with two accepted manual methods. 

_ Magnesium was determined by the titan yellow method of Andreasen (1957). 

“Ca or 4C was determined on samples of 0-1 ml. urine or plasma that were diluted with 
1-0 ml. H,O containing three drops of a surface-active agent (1:30 Triton NE, Rohm and 
Haas Co.) and dried in cupped planchets under infra-red lamps. The samples were counted 
in automatic gas-flow counting equipment (Nuclear-Chicago) to accumulate no less than 
2x 1024 counts (background: ~ 15 counts/min). In the early experiments duplicate 
samples were prepared, but when these agreed within the counting error their preparation 
in later runs was omitted. Samples were always counted along with standards that had 
been prepared by diluting an identical dose (pipetted out with the same syringe used for 
injecting into the animal) first with water, and then. with either urine or plasma obtained 
from the experimental animal before injection. Tissue samples were analysed for “Ca 
content after chemical isolation of the calcium (Bronner, 1958). 

Analysis for *Sr, *Na, *Na, *K, Mg, and **P was done in the scintillation well-counter 


on 1-0 ml. samples of urine or plasma and compared with suitable aqueous standards (see 


above). As a single-channel pulse-height analyser was not available for the early experi- 
ments, they were designed so as to achieve separation by using isotopes of widely differing 
half-life. For example, if Sr, **Na and “Ca were included in one test solution, the content 
of gamma emitter was determined as soon as practicable, and after nearly total decay of the 
**Na (7-10 half-lives). When correction was made for variations in counter efficiency and 
for the decay of *§r, the difference in corrected counts was considered to represent the 
counts due to *Na. As **Na gives off an energetic f-ray, ““Ca analyses were delayed until 
the **Na had decayed. 

In later experiments a single-channel analyser was used along with the well-counter. 
This was essential for determining **Mg and **P activities, as **Mg is contaminated with **Al. 
Furthermore, in one experiment *P was injected into the same animal into which *Mg 
had been injected previously. This design necessitated counting the **Mg under conditions 
when the secondary photon emission due to the **P was suppressed, a condition met by the 
use of the a filter (° window’) when counting at the spectral peak. 
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RESULTS 

Figure 1 shows typical results obtained in an experiment in which 
a mixture of creatinine and "Ca was injected into the renal artery and 
the urine fractions analysed for “Ca and creatinine contents. In this and 
31 similar experiments radiocalcium appeared in the urine earlier than the 
exogenous creatinine, a substance neither secreted nor reabsorbed by the 
tubular cells of the canine nephron (Smith, 1951). 


16 


a 40) 80 120 160 200. 240 280 320 
Time (seconds) 


Fig. 1. Excretion patterns of “*Ca and creatinine. 0-95 ml. of a solution containing 
75 pe “*Ca (@) and 30 mg creatinine (™) was injected into the left renal artery at 
zero time. Urine was collected separately from the left (experimental, E) and right 
(control, C) ureters in successive periods of10 sec. Ordinate in this and following 
figures is as follows: the amount of the injected substance in the control urine (C;,) 
in each period (i) was subtracted from the amount on the experimental urine (E;) 
and the difference (E,—C,) expressed as a percentage of the total amount 


[ = ,—<) | excreted by the experimental kidney. This represents the amount 
_ exereted in a single circulation (Chinard, 1955). | 


The absolute quantities of creatinine and *°Ca that were excreted differed 
widely, as would be expected (Table 1). On the average 16-0% of the 
creatinine injected into the renal artery was recovered in the urine; this 
finding agrees with the common estimate that about one sixth of the renal 
plasma flow is filtered at the glomeruli. However, usually less than 1% 

_of the injected “Ca was recovered in this manner (Table 1), reflecting the 
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high degree of calcium reabsorption known to occur in the kidney (Irving, 
1957). 

As strontium and calcium are closely related chemically, though their 
biological behaviour is not necessarily similar, it was of interest to compare 
their excretion patterns. When “Sr and “Ca were injected along with 
creatinine, the first two always preceded the third, though there was 
considerable overlapping between the ions (Figs. 2 and 3). The quantity 
of Sr excreted always exceeded that of “Ca (Table 1). 

- Because potassium is known to be secreted in the distal part of the 
nephron (Pitts, Gurd, Kessler & Hierholzer, 1958; Davidson et al. 1958), 
it seemed useful to compare its excretion pattern with that of calcium, 
strontium and creatinine. Figure 3 shows the results of an experiment in 
which a mixture of “K, “Ca, Sr, and creatinine was injected into the 
renal artery of a dog. It is apparent that potassium appeared in the urine 
earlier, and that its excretion pattern differs from that of calcium, stron- 
tium, and exogenous creatinine in having an earlier peak and in being 


TaBLE 1. Characteristics of excretion patterns of different substances 


Creatinine 
Inulin 
| Absolute Relative “Ca *Na aap 
No. of expts. ae 32 10 8 13 4 2 2 
Mean transit 142 1000 0816 0815 0-865 0-739 0-963 0-915 0: 
time 
S.E. 6-6(sec) 0-047 0-028 0-040 0-047 0-005 0:004 0-015 0-00 
Peak time 125 (sec) 1-000 0-803 0-812 0-518 0-658 0-993 0-955 0-9 
S.E. 5-9 0-047 0-027 0-032 0-039 0-006 0-003 0-005 0-01 
| | (mn = 29) (n = 9) (n = 12) 
50% through- 134 (sec) 1-000 0-796 0-799 0-789 0-519 0-950 0-930 0: 
put time 
S.E. 6-2 0-047 0-022 0037 0-035 O-113 0-081 0-020 0 
Percent of dose 16-0 1000 0-046 0-109 0-540 0-084 0-465 0-121 0-958 
S.E. 0-7 0-047 0-010 0-022 0-098 0-002 0-059 0-022 0: 
*Na = either **Na or one 
Mean transit time = = 
Ze, 


where T' = }(¢;+%_,) and 4, = time in seconds when the collections E, and C, (see legend of Fig. 1) wer 
completed. 

Peak time is the time of the maximum of curves like those in Figs. 1-6. 

50.% throughput time. A cumulative curve was drawn relating the amount already excreted to 
time after injection; the time was then determined when 50% of the total excretion had been 


Amount excreted = z 2h C,), expressed as a percentage of the dose. 


For each ‘elites an values were expressed as a fraction of the value for dibianteis. The figurt 
in the table are the arithmetic means of these ratios, together with the standard errors of the means. 
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Fig. 2. Excretion patterns of “Ca @, *Sr /\, “Na V7 and creatinine @. 
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Fig. 3. Excretion patterns of *K @, “Ca O, *Sr A and creatinine []. 
Inset, right-hand part of curves on larger scale. 
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skewed, excretion persisting for a longer period than was true of the other of t 
three substances. This pattern was observed for “*K in all experiments in estil 
which this isotope was used and is similar to what Chinard (1957) has | has 
reported. In Table 1, the low value of the peak time, relative to that of chlo 
creatinine, indicates the early appearance of potassium, while the relatively 
high transit time is a measure of the skewness of the potassium curve. — 
‘KB 
8 
2k 
140 
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16 \ 
/ 
12h i 
O|! } 
8k 
4b 
20 40 60 80 100 120 140 160 180 200 220 
Time (seconds) 
Fig. 4. Excretion patterns of “Na VY, ™Sr A, inulin-“C x and creatinine [j. 
Inset, right-hand part of curves on larger scale. 
Whereas the excretion patterns of potassium and calcium differed 
clearly in all experiments, there was considerable overlapping between 
those of sodium and calcium. All the parameters characterizing the sodium 1 
excretion pattern were smaller in value than those of the calcium patterns; | wh 
this indicates that sodium is excreted earlier than calcium (Table |; in | 
Figs. 2, 4). However, the excretion patterns of sodium were more irregular the 
than those of the other ions studied, the ascending limb of the sodium pat 
curve frequently showing a secondary peak (Fig. 2). ; bec 
Double peaks occurred in the excretion patterns of sodium, calcium and an 
strontium. Therefore the number of curves used to calculate the peak time tra 
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of these ions for Table 1 was smaller than the number of curves used to 
estimate the other parameters. F. P. Chinard (personal communication) 
has also observed doubly peaked excretion patterns for sodium and 


chloride. 
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Fig. 5. Excretion pattérns of *P A, *Mg [) and creatinine ™. 
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Fig. 6. Excretion patterns of “Ca ©, **Mg © and creatinine [). 


The behaviour of phosphorus and magnesium is shown in Figs. 5 and 6, 
which demonstrate thatthe excretion patterns of phosphate and magnesium, 
in contrast to those of the other ions studied, were nearly identical with 
the creatinine pattern (Table 1). It seemed possible that the excretion 
patterns for phosphate and magnesium might resemble that for creatinine 
because the ions were taken up from the blood by tubule cells rapidly 
and then passed into the lumen only slowly. Conceivably some substances 
transported into the tubules at the same site might exhibit different. 
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excretion patterns if there were large differences in their transtubular 
transport times. Alternatively, substances entering at different sites 
might show similar patterns. 

To test the possibility that the similarity in excretion patterns between 
phosphate and creatinine may be due to delay in the transtubular trans- 
port of the former, the urine collection in one experiment was continued 
for 30 min beyond the usualrapid sampling period. Three-minute collections 
were made separately on the experimental and control sides; blood was 
obtained at the mid point of these periods. As can be seen from Fig. 7, 
the specific activities of phosphate were the same in the urine collected 
from either side and were similar to or lower than those of the corre- 
sponding blood samples. 
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Fig. 7, Comparison of specific activities of plasma and urine phosphorus. A 
mixture of **P, **Mg and creatinine was injected into the left renal artery of an 
anaesthetized dog subjected to mannitol diuresis. Following the acute phase of 
urine collection (Fig. 5) urine was collected during four 3-min periods over a 
further 30-min span; blood was drawn at the mid point of these 3-min periods. 
Plasma @; left ureter (experimental) O; right ureter (control) []. Semi-log. scale. 


In an analogous experiment the specific activity of magnesium in the 
plasma was compared with that in urine samples that had been collected 
for 2 min periods at 18 and 31 min following the injection of #®Mg into the 
renal artery. As can be seen from Fig. 8, and as was also observed in a 
further experiment, the specific activities were essentially alike. The 
similarity of the specific activity values of the urines from the two kidneys 
and-the plasma does not support the possibility of an appreciable, delayed 
influx of either phosphate or magnesium. On the other hand, a similar 
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comparison of the potassium in plasma with that in urine indicated that 
the experimental kidney excreted urine with a specific activity several 
times that of the control, which in turn equalled that of blood (Fig. 9). 
A further indication of the difference between magnesium and calcium 
was brought out by tissue analyses. The experimental kidney of an animal 
given **Mg contained 11-2 %, dose/m-equiv magnesium, whereas the control 
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Fig. 8. Comparison of the specific activities of plasma end urine magnesium. 
Plasma @; left ureter (experimental) []; right ureter (control) O. Semi-log. scale. 
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contained only 1:6°% dose/m-equiv magnesium. Both kidneys had ap- 
proximately the same magnesium content, averaging 9-7 w-equiv Mg/g 
wet weight. In contrast, in six animals given “Ca the experimental 
kidneys had specific activities averaging only 1-6 times those of the 
controls (range: 1-0—-2-1). The small quantity of calcium thus shown to 
be bound to kidney is not readily released into the urine, as a comparison 
of the specific activities of urine from the control and experimental sides 
- with each other and with that of blood revealed them to be identical 
(Fig. 10). 
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Fig. 10. Comparison of the specific activities of plasma and urine calcium. 
Plasma @; left ureter (experimental) ©; right ureter (control) (]. Semi-log. scale. 


DISCUSSION 


The question that arises first is whether the observations reported here 
constitute evidence that bidirectional flux does indeed occur. It might be 
argued that differences in the rates of movement of calcium and creatinine 
in the renal tubule could account for the differences in the excretion 
patterns. | 

This argument. has been investigated exhaustively by Chinard (1955) 
who has demonstrated that substances of such widely differing molecular 
weight and structure as creatinine, inulin, and ferro-cyanide have nearly 
superimposable excretion patterns, and that these differ from those of 
sodium and potassium. Furthermore, Chinard, Taylor, Nolan & Enns 
(1957, 1959) showed that phlorrhizin treatment of a dog caused the 


previously different excretion patterns of glucose and creatinine to become 
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nearly superimposable. Similarly, Becker & Thompson (1959) caused the 
sulphate excretion pattern, which at endogenous sulphate plasma levels 
preceded the pattern for creatinine, to coincide with the latter following 
sulphate loading. 

Another objection has been raised by Bradley & Wheeler (1958), who 
suggested that differences in peak excretion times might result from effective 
differences in nephron function. Chinard et al. (1959) have acknowledged 
the possibility that ‘the delayed appearance of glucose in the urine could 
be the result of dispersion of nephron functions’, but felt they had too 
few data to allow them to side either with or against this interpretation. 

If it were assumed that reabsorptive effectiveness is proportional to 
nephron length, short nephrons would reabsorb lesser quantities of 
electrolytes than long ones. As the transit times are also shorter in the 
short nephrons, the bulk of the excreted ions would appear in the urine 
sooner than most of the creatinine. This argument presupposes that some, 
albeit very little, creatinine must have been excreted by the short nephrons. 
Possibly this quantity of creatinine would have been too small to be 
detected by the conventional chemical procedure. But when '4C-labelled 
inulin was injected along with creatinine, 4Na, and ®Sr, the inulin and 
creatinine curves were essentially congruent (Fig. 4 and Table 1). Further- 
more, a larger fraction of sodium (0-47 % of dose) had been collected than 
was represented by the first sample of inulin (0-005 % of dose). 

In addition, when the data were plotted as percent of dose excreted 
against time, the resulting curves confirmed Chinard’s observations (1957) 
that initially the fractions of injected potassium and sodium exceed the 
amount of creatinine. It is therefore concluded that the earlier appearance 
of these ions in urine is the result of transtubular influx rather than of a 
relatively diminished reabsorption by short nephrons. When plotted in 
similar fashion, the data for strontium and calcium are inconclusive, but 
we believe the earlier appearance of these electrolytes also results from 
transtubular influx. 

If the occurrence of transtubular flux is accepted, the question arises 
as to how the separation in ion excretion patterns may be brought about. 
In our view, the relationships of ion patterns to each other and to that of 
creatinine are determined largely by two factors: (a) the relationship of 
the quantity that has moved across the tubule to the total excreted in the 
urine, i.e. whether most or only some of the ion in the urine is derived from 
transtubular influx; and (b) anatomical location of tubular influx, i.e. 
whether the site of flux-is relatively proximal or distal in the renal tubule 
(Fig. 11). 

Conceptually the simplest situation is one where most of the ion in the 


urine derives from transtubular influx, the bulk of the filtered ion having 
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been resorbed and the unresorbed fraction constituting only a small portion 
of the quantity recovered in the urine. In this case the degree of separation 
between the creatinine pattern on the one hand, and the ion pattern on 
the other, is a function of the site of transtubular flux (upper graph, 
Fig. 11). If flux occurs at a site relatively far from the glomerulus, 
‘separation will be clear-cut (solid curves of upper graph, Fig. 11); if flux 
takes place relatively close to the glomerulus, the curves will tend to 
overlap (broken and heavy solid curves of upper graph, Fig. 11). Similarly, 
if two ions cross the tubule at contiguous sites, their patterns will overlap; 


Large transtubular component 
In urine (U) Tubule (T) 


Glomerulus (G) 


lon 
== @ Creatinine 


Small transtubular component 


Glomerulus 
In urine Tubule , 


Fig. 11. Schematic representation of possible relationship between sites and quantities 
of transtubular flux, and excretion patterns; for details see text. 


if ions cross the tubule at separated sites, e.g. one relatively far from and 
the other relatively close to the, glomerulus, their patterns will be more 
distinct, the pattern of the latter being closer to and perhaps overlapping 
with that of creatinine. 

On the other hand, if most of the ion in the urine derives from glomerular 
filtration, and if the contribution of transtubular influx to the quantity 
excreted is relatively small, most of the curve for the ion will coincide with 
that of creatinine, provided the site of ion flux is relatively close to the 
glomerulus (broken and heavy solid curves of lower graph, Fig. 11). If, 
under these conditions, ion flux occurs far from the glomerulus, a doubly 
peaked curve is likely to result (solid curves of lower graph, Fig. 11). 
Such a doubly peaked curve might also result if there were two sites of 
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ion flux. In that case, however, the second portion of the ion excretion 
curve would overlap the creatinine curve only partially. In the experi- 
ments reported here, doubly peaked curves have been observed occasion- 
ally (Fig. 2), but the second peak never coincided with that for creatinine. 
Calcium. This ion appears to enter the tubule at a site relatively close 
to the glomerulus, perhaps in the proximal tubule. In accordance with 
the previous paragraph, one cannot assert whether most or only some of 
the calcium in the urine is derived from transtubular influx. In combined 
isotope and stop-flow experiments Samiy et al. (1960a) found that no 
measurable quantity of “Ca moved across the tubule into the urine at the 
distal site where reabsorption occurred. “Ca appeared in samples from 
the proximal tubule, peak excretion corresponding approximately with 
that for p-aminohippurate. | 
An autoradiogram prepared by Dr P. D. Saville showed maximum 
blackening due to “°Ca in the convoluted tubule, near the glomerulus, and 
in the collecting tubules. *°Ca concentration in the proximal nephron 
may mean that reabsorption of calcium takes place there. This interpreta- 
tion concurs with our supposition and with that of Samiy et al. (1960a), 
namely that calcium flux in the dog kidney occurs close to the glomerulus, 
i.e. proximal of where potassium is secreted. It is tempting to speculate 
that regulation of calcium reabsorption in the kidney, which appears to 
be under parathyroid control (Buchanan, Kraintz & Talmage, 1959) is 
exerted at the site of transtubular calcium influx. The meaning in ‘the 
autoradiogram of blackening due to “Ca in the collecting tubules awaits 
further work. 3 
Strontium. Because the excretion patterns of calcium and strontium — 


overlap and are similar, it is likely that both ions are handled in a similar 


fashion. However, the available evidence is also compatible with the 
possibility that influx is relatively small for one ion and relatively large 
for the other, the sites of flux being close to the glomerulus for both. On 
the average, 24 times more *Sr than “Ca was excreted (Table 1). This . 
finding in dogs agrees with earlier reports for rats (Bauer, Carlsson & 
Lindquist, 1955), rabbits (MacDonald, Noyes & Lorick, 1957), and man 
(Spencer, Laszlo & Brothers, 1957; Spencer, Li, Samachson & Laszlo, 1960) 
and a recent report on clearances in dogs (Della Rosa, cited by Hursh, 
Lovaas, Piccirilli & Putnam, 1960). 

Sodiwm. It would appear from the data reported here that sodium flux 
occurs relatively close to the glomerulus, though perhaps more distally 


_ than does calcium flux. The same reservation that applies to the calcium— 


strontium patterns applies also to the sodium—calcium patterns. Because 
doubly-peaked sodium excretion patterns have occurred, more than one 
site of sodium flux may exist. As Oken et al. (1959) have reported a rapid 
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bidirectional flux of sodium in the proximal tubule of Necturus, the larger 
peak may represent proximal and the smaller peak more distal influx. 

Potassium. Flux of potassium occurs further away from the glomerulus 
than that of any other ion examined in these experiments. This observation 
accords with observations by Chinard (1957) and with what is known about 
potassium secretion from stop-flow experiments (Pitts e¢ al. 1958). A sig- 
nificant feature of the potassium curve is its skewness, which, on the basis 
of the comparison of the specific activities of blood and urine (Fig. 9), can 
be attributed to rapid uptake and release of potassium by the tubular cells 
_ (Morel, 1955; Black, Davies, Emery & Wade, 1956; Chinard, 1957). 

Phosphate. The occurrence of a small transtubular flux at a site near the 
glomerulus could result in the kind of curve shown in Fig. 5, corresponding 
to the pattern indicated by the broken line in the lower graph, Fig. 11. 
This interpretation is supported by the observations of Rees, Franklin, 
August, Small, Kendall, Merrill & Gibson (1959), who studied phosphate 
flux by the stop-flow technique and interpreted their findings as indicating 
that the flux of this ion occurs principally in the ‘proximal tubular (PAH 
secreting) segment of the nephron’. Their results also demonstrate that 
the transtubular flux of phosphate into the luminal fluid is very small. 
In a- very recent paper, Taugner, Egidy, Iravani & Taugner (1960) 
reported that following an intravenous injection of orthophosphate-**P 
the isotope became located primarily in the proximal portion of the con- 
-voluted tubule of cat kidney. This they interpreted as the site of principal 
reabsorption of this electrolyte. | | 

Carrasquer & Brodsky (1959) recovered in the urine a greater fraction 
of injected phosphate than of injected creatinine. This they interpreted 
to mean that phosphorus secretion can occur in the dog under special 


conditions of phosphate loading. Inasmuch as the work reported by — 


Rees et al. (1959) and by us indicates a small flux, it seems likely that the 
net secretion of phosphate observed by Carrasquer & Brodsky (1959) was 
a function of the transient, but large, load of phosphate presented to the 
kidney. 


Magnesium. The excretion patterns shown in Figs. 5 and 6 may have 


resulted from a small tubular influx which, in accordance with what has 
been discussed above, might occur near the glomerulus (lower graph, 
Fig. 11). The existence of transtubular influx of magnesium has also been 
reported on the basis of stop-flow experiments (Ginn, Smith, Hammarsten 
& Snyder, 1959; Wesson & Lauler, 1959; Murdaugh & Robinson, 1960; 
Samiy e¢ al. 1960a). The findings of the last-named group of authors 
imply, as is also suggested by our interpretation, that the site of magnesium 
influx may be close to or identical with that for calcium. 


The excretion patterns of magnesium and phosphate differed far more 
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from those of the other ions than from that of creatinine (Table 1). Indeed 
it is uncertain whether under our conditions the differences between the 
patterns of magnesium, phosphate and creatinine were significant. We 
have chosen to interpret our findings as compatible with small transtubular 
flux of these electrolytes. Another possibility needs to be considered, 
however. Transtubular transport may have been delayed sufficiently for 
the excretion patterns of these electrolytes to coincide with the creatinine 
pattern. Two types of observations bear on this possibility : measurements 
of the specific activities of the urines from the two kidneys and of the 
plasma obtained simultaneously; and analyses of the specific activity of 
the kidney itself. 

If influx of a substance occurs beyond the time required for completion 
of the creatinine pattern, the excretion pattern for such a substance should 
extend beyond that of creatinine, 8 reported for p-aminohippurate 
(Chinard, 1956) and as observed for potassium (Fig. 3). Furthermore, 
for some measurable time after the creatinine has been excreted the 
specific activity of the urine on the injected side should remain significantly 
higher than on the control side or in the peripheral circulation, as in Fig. 9. 
As can be seen from Figs. 5 and 8 neither of these expectations was met, 
ie. the excretion patterns of phosphate and magnesium did not extend 
appreciably beyond that of creatinine, and for both phosphate and mag- 
nesium the specific activities of the urines of the two kidneys neither 
differed from each other nor from the specific activity of the blood. 
Consequently an appreciable, but delayed, influx of other electrolyte 
seems unlikely. 

We see no way of reconciling this conclusion with the report of Nicholson 
& Shepherd (1959), who studied the effect of tubular poisons on phosphate 
excretion in dogs and concluded that this ion is secreted actively by the 
distal tubule. Conceivably, as was implied by Carrasquer & Brodsky 
(1959), the mammalian kidney can, but does not normally, secrete 
phosphate. Moreover, in recent publications Samiy, Hirsch, Ramsay, 


Giordano & Merrill (19605) and also Pullman, Lavender, Aho & Rasmussen — 


(1960) reported that they were unable to find any evidence of tubular 
secretion of phosphate in dogs. 

The *8Mg content of the experimental kidney was ten times that of the 
control kidney one half hour after renal arterial injection of the isotope. 
Thus, a small influx of magnesium is not a result of poor cellular uptake 
of this ion. Rather, in contrast to potassium (Chinard, 1957; Morel & 
Guinnebault, 1958), it appears that the release of the large intracellular - 
pool of magnesium into the urine is very slow. 

The intracellular contents of calcium are small. The findings suggest — 
that there is rapid uptake and release of this i ion into the urine. It should 
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be noted, however, that a small amount of the injected “Ca remained in 
the kidney for at least 30 min. It seems likely, therefore, that some of the 
calcium entered a second compartment which turns over more slowly 
(Bronner, 1958). 


SUMMARY 


1. Creatinine and labelled electrolytes (Ca, *Sr, **Mg, 42K, *4Na, 


22Na) were injected simultaneously into one renal artery of anaesthetized 
dogs subjected to mannitol diuresis and the patterns according to which 
these substances appear in the urine were determined. 

2. Potassium, sodium, calcium and strontium preceded creatinine in 
the order named. It is concluded that a portion of these ions must have 
reached the urine by a transtubular influx. 

3. Excretion patterns for magnesium and phosphorus were so similar 
to those for creatinine that only a very small proportion of these electro- 
lytes in the urine is likely to have been derived from transtubular influx. 

4. On the basis of these findings a scheme is proposed for relating excre- 

tion patterns to sites of transtubular influx. 
_ 5. Ofthe ions studied potassium was unique in that its uptake by kidney 
tissue was large and its turnover into urine rapid and continuing. Mag- 
nesium entered the kidney rapidly, but release into the urine was negligible. 
Calcium entered the tissues quickly and its turnover into urine was rapid. 
but continued influx, as seen with potassium, did not occur. 
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Pesmaian are widely distributed over the southern hemisphere from 
the Galapagos Islands (4°S) to the southern shore of the Weddell Sea 
(78° 8). Two species predominate on the Antarctic continent, the Adélie 
penguin (Pygoscelis adeliae) and the Emperor penguin (Apdenodytes. 
forstert). Adélies breed in spring and migrate northwards in winter 
(Sladen, 1958), while Emperors, after breeding in winter, disperse in the 
Antarctic pack (Stonehouse, 1953). : 

Both species fast for long periods during the breeding season, the Adélie 
for over 40 days (Sladen, 1958) and the Emperor up to 120 days (J. N. 
Norman, unpublished). The birds are subject throughout their life to 
extremes of air temperature, from 10 to —60° C, and high winds, and a 
profound alteration in the seasonal light-darkness pattern of their en- 
vironment. The very large number of penguins in the Antarctic points 
to a successful adaptation to the harsh environment. Our studies were 
made to elucidate the kind of adaptation that penguins have developed. 

All measurements were made during the Austral summer of 1958-59 
during the period of continuous daylight (Sladen & Goldsmith, 1960) in 
the Ross Sea area of Antarctica. | 


METHODS 


Subjects. The subjects were three Emperor chicks and eighteen Adélie adults and chicks. 
The experiments were carried out either on board ship (U.S.S. Staten Island) with the 
penguins confined on deck in a small pen, or at one-of three rookeries, Coulman Island 
Emperor rookery, or the Adélie rookeries at Cape Royds and hd Hallet (Table 1 and 
Fig. 1). 

Temperature measurements. measurements were made with a thermistor 
introduced into the stomach of the bird by a tube and rod introducer (Fig. 2), and connected. 


to a resistance bridge, the accuracy of which allowed readings to be made correct to 0: “1°.C. 


In some experiments the thermistor was sheathed in thin rubber. This indwelling thermistor 
made it possible to take records continuously for 48 hr without undue disturbance to the 
bird. Foot-skin temperature was measured by a thermistor attached to the dorsum of the 
tarsus by adhesive tape. i 
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Variations in environmental temperature were produced by placing the bird either in 
a deep-freezer or in a heated room on the ship, which enabled us to vary the temperature 
from +26 to —44°C. Birds on board ship were confined for the periods of the experiments 
to a small pen on deck, separated from the other captive birds by a sheet of canvas. The 
birds were not fed during an experiment. 


Knox Coast 
(110° E) 


alleny ~ Sabrina Island 
Islande \Buckle Island 


Cape Royds 
Cape \Crozie 
Scott Iskand 
SHelt Sea 


Fig. 1. Map of the Ross Sea area of Antarctica. @, penguin rookeries; the names 
| underlined were the sites of the experiments. 


Thermistor 
and lead 


Fig. 2. The rod and tube introducer, The thermistor is held in the malleable jaws 
(A) of the tube (B) and the whole instrument is then gently pushed down the 
oesophagus to a pre-arranged depth (14 in. (35-6 cm) in Emperors, 12 in. (30-5 em) 


in Adélies). Depressing the handle of the rod (C) frees the thermistor. The instru- 
ment is then removed. 
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RESULTS 


Emperor chicks. At the Coulman Island Emperor rookery no obvious 
diurnal rhythm of activity was noted during one period of 48 hr of 
interrupted observation. Sleeping penguins were seen throughout the 
24 hr of the day, and collecting of food, necessitating a long journey over 
ice to the water, also continued throughout the 24 hr. 
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Fig. 3. Recordings of body temperature for two periods of 24hr. The upper 
curves represent the diurnal changes of a 5-months-old Emperor chick; the lower 
curves represent the changes in the same bird 6 weeks later. In this and other 
figures ‘body’ = stomach. 


On board ship, where the birds were on deck, 24-hr daylight conditions 
persisted throughout the experimental period. Noisy activity, especially 
from helicopters, continued most of the time. The birds showed no clear 
sleep—wakefulness pattern, sleeping during the lulls in man-made activity. 

Figure 3 shows the result of two 24-hr periods of continuous temperature 
recording on the same bird. The upper curves represent an experiment 
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performed when the bird was 5 months old. It shows that the body 
temperature began to fall at about 22.00 hr and reached a minimum at 
midnight, 0-6° C lower than at midday, the environmental temperature 
having fallen in the preceding 6 hr by 5-3° C. The diurnal variation in 
body temperature seemed to follow changes in environmental temperature. 

The lower curves represent a repeat experiment 6 weeks later. Though 
daylight conditions prevailed throughout the 24 hr, there was now a 
differentiation in light intensity between day and night. In spite of 
continually falling environmental temperature, there appeared to be some 
evidence of a true diurnal change in body temperature. 


Body temp. (°C) 
Air temp. (°C) | 


0 120 240 360 480 600 720 
Time (min) 


Fig. 4. Changes in body temperature of a 6-months-old Emperor penguin 
chick when the environmental temperature is varied. 


Quite large changes in body temperature were induced by altering the 
environmental temperature artificially (Fig. 4). On lowering the ambient 
temperature from 0 to — 40° C, the body temperature fell by 1 to 36-5° C; 
body temperature rose to 38°C when the ambient temperature was 
raised to 20°C. During the period of cooling the chick remained quite 
still and shivered a little, though observation of this phenomenon was 
hampered by the movement of the ship. In the hot environment the 
bird was at first restless, then lay on its abdomen, spreading its flippers, 
and panted. Respiration rate rose from a resting level of a to 
20/min. In one case respiration rose to 50/min. 

Results of foot-skin temperature measurements showed that the surface 
temperature varied considerably with changes in environmental tem- 
perature (Fig. 5) but always remained well above zero in the cold environ- 
ment. In both feet there was evidence of the hunting phenomenon of cold 
vasodilatation. 

Adélie adults, The normal body temperature of the adult Adélie penguin 
at rest varied in our experiments from a mean of 37-7 (Fig. 6) to 40-2° C, 
the ict temperatures being sseiaia. in two moulting yearlings (‘Table 1). 
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_ Fig. 5. Simultaneous measurement of foot and body temperatures 
of an Emperor chick in varying environmental conditions. 
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Fig. 6. Body temperature of an Adélie penguin adult, showing the length of time 
required for this to settle after the introduction of the thermistor and a struggle 
to replace the bird in an experimental box. Normal body temperatures were 


calculated from the mean after the initial fall had occurred (mean body tem- 
perature, 37-7° C). 
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All these results are the mean of at least 6-hourly or }-hourly consecutive 
readings. The body temperature of these birds is raised rapidly by a 
struggle, often taking some hours to return to a steady level (Fig. 6), 
though the insertion of the thermistor, once experience had been gained, 
did not produce a great rise. This elevation of temperature can be brought 
about by trying to take a cloacal temperature; in one experiment a rise 
of 2° C was caused by repeatedly taking the cloacal temperature. In ten 
readings the cloacal temperature was 1-:6°C lower than the stomach 
temperature taken simultaneously. One bird developed a pyrexia of 
44-3°C 24hr after the injection of an aqueous suspension of fungal 
spores into one hepatic air sac. | 
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Fig. 7. Body-temperature variations in a 48-hr-old Adélie penguin nestling chick 
on exposure to the ambient conditions. 


Adélie nestlings and chicks. The results of experiments on nestling chicks 
at the rookery are shown in Figs. 7, 8 and 9. Body-temperature measure- 
ments were first made in the nest, to obtain a normal resting value; the 
chick was then removed from the nest and exposed in the shade to the 
ambient temperature; finally it was replaced, to observe the rate of 
recovery. The body temperature of all nestlings dropped when they were 
exposed. All the chicks remained active, attempting to seek shelter. 
Neither the 48-hr-old chick (Fig.7) nor the 5-day-old chick (Fig. 8) 
showed any signs of shivering, though the fall in body temperature was 
considerably less in the 5-day-old chigk than in the other. The 10—-15-day- 


old chick shivered vigorously as soén as it was exposed. All the chicks 


survived. Figure 10 shows the results from a chick, in‘ down, taken from 
the eréche and aged about 6 weeks, which was placed in a water-bath at 
0° C. The panting observed during the first part of the experiment may — 


well be due to overheating as a result of the intense solar radiation which 
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is a feature of the Antarctic. Violent shivering started soon after the body 
~ temperature began to fall and continued long after the chick was removed 
from the water-bath. No fall in temperature was seen in adults similarly 
immersed. 
Covered 
Removed 
| Replaced 


35 
a 
5 
3 

30 

Out of nest 
0 60 120 180 240 
Time (min) : 


Air temperature at ground level, —06°C 


Fig. 8. Body-temperature variations in a 5-day-old Adélie penguin 
nestling chick on exposure to the ambient conditions. 
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Fig. 9.. Body temperature variations in a 10-15-day-old Adélie penguin 
nestling chick on exposure to the ambient conditions. 


DISCUSSION 


Previous investigators of penguin body temperature (Eklund, 1942: 
Prévost & Bourliére, 1957) have used readings from a clinical thermometer 
in the cloaca, but our results indicate the importance of using a technique 
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by which @ continuous reading can be obtained. The rapid rise of body 
temperature due to struggling, and the slow return to normal, might well 
give grossly erroneous results if single readings only are obtained. This 
rapid rise in body temperature, which is similar to that found in Northern 
Fur Seals (Callorhinus ursinus) (Bartholomew & Wilke, 1956), is due to 
the rather poor development of a mechanism for heat loss in an animal 
adapted to the cold. Further evidence of this is the panting chick (Fig. 10), 
overheated at an ambient air temperature of 0°C by the intense solar 
radiation (L. G. C. Pugh, unpublished). 


Into Thermistor Out of 
water replaced water 


40, 
9 
35 
3 
Water-bath 
+1°C 
0 60 120 240 
Time (min) 


_Air temperature at ground level, +10 to +18°C 


Fig. 10. Body temperature variations in a 6-week-old Adélie 
“= penguin chick on immerson in a water-bath. 


Our results of body temperature measurement on the Emperor chicks 
showed an almost total absence of diurnal rhythm (Fig. 3), whereas 
_ 1 month later there is some evidence of a diurnal change. Irving (1955), 
however, showed a decline of up to 4° C at night, which he attributed to 
differences in level of activity—our birds were inactive throughout the 
experimental period. Neither chicks nor adult birds in the rookery showed 
any clear diurnal variation in activity, nor was there any easily discernible 
difference in light intensity between day and night; however, in the last 
24 hr experiment the night sun was very low and a clear distinction 
between night and day existed. Armstrong (1954), in a review of the 
behaviour of birds in continuous daylight, concluded that light intensity 
is one of the factors that govern activity. Karplus (1952) came to the 
conclusion that the sleep-wakefulness pattern in birds was also governed 
by light intensity. Emperors, according to J. N. Norman (unpublished), 
show no obvious diurnal rhythm in activity during the period . aha 
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darkness, and he has observed some sleeping birds throughout the 24 hr 
during continuous daylight. It is possible, therefore, that as the season 
progresses and the light—-darkness pattern becomes more pronounced, so 
the diurnal activity and body-temperature rhythms are established, to be 
lost again during the polar winter. 

The drop in body temperature in response to a decrease in ambient 
temperature has considerable survival value. The relatively labile body 
temperature control was demonstrated by Prévost & Bourliére (1957), 
who showed that Emperors in huddles during the incubating period had 
a lower body temperature than solitary birds; their daily weight loss was 
consequently significantly reduced. 

The foot of the Emperor penguin is the only unfeathered part of the 
body and must play a considerable part in heat regulation. The fact that 
the surface temperature of the tarsus does not drop nearly as low as that 
in some other birds (Chatfield, Lyman & Irving, 1953) can be accounted 
for by the habit of squatting, thus covering the foot effectively, and 
standing on the tarso-metatarsal joint region only, thus allowing only 
minimal contact with the snow. There was strong evidence in our experi- 
ments of a well-developed cold vasodilatation phenomenon in the foot, 
similar to that found in domestic fowls (Grant & Bland, 1931). 

The thinly-feathered flipper must be another avenue of heat loss ; attempts 
to measure the surface temperature failed because of the vigorous flapping 
by the birds when disturbed. However, the cooled birds (in the freezer) all 
kept their flippers close to their sides—this is in agreement with observa- 
tions in the field—-but heated birds tended to sprawl on the ground 
spreading their flippers. The main channel of heat loss appeared to be 
through the panting mechanism. 

Thermoregulation in the chick of Adélie penguins develops rather 


slowly and may govern the stages of behavioural development described 


by Sladen (1958). For 7 days the chick is entirely covered by its parent. 
When isolated it rapidly loses heat. It increases in size and develops the 
_ ability to shiver, but does not desert the nest entirely until this is well 
developed. Sapin-Jaloustre (1955) has shown that nestlings very rapidly 
‘increase in weight without much growth in length during the first few days 
after hatching. Thus the ratio of weight to length increases from 6-6:1 at 
3 days to 14-2:1 at 5-7 days. This leads to a much more favourable 
weight-to-surface-area ratio. The shivering mechanism appears to develop 
between 10 and 15 days after hatching. Sapin-Jaloustre demonstrated 
that an Adélie is unable to survive outside the nest until it is 10-12 days 
old, death occurring in younger birds at a cloacal temperature of between 
. 18 and 9°C. This is in contrast to the skua (Catharacta MacCormicki), 
living on the periphery of penguin rookeries, which forages for food, 
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leaving the newly-hatched chicks uncovered. Survival in water is made 


possible by the replacement of the wettable down by impervious feathers 
at the second moult when the chick is about 6 weeks old. This is unlike 
many species of water fowl, in which it is a common sight to see newly- 
hatched chicks taking to the water. 

The apparently rather poor adaptation of the penguin chicks to their 
harsh environment must be accounted for partly by the lack of terrestrial 
predators, making it unnecessary for them to seek shelter in the water. 
However, it does make them very vulnerable to unfavourable weather 
conditions—the normally high mortality rate amongst chicks can rise to 
100% under blizzard conditions. 


SUMMARY 


1. Body temperature of two of the most common species of Antarctic 
penguin (Apdenodytes forsteri, the Emperor, and Pygoscelis adeliae, the 
Adélie) was measured by means of a stomach thermistor, allowing re- 
cordings over long periods to be made without disturbing the birds. 
Results suggest that the Emperor chick has no diurnal temperature 
variation during the period of 24-hr daylight but may develop this when 
a normal day—night pattern occurs. 

2. The mean body temperature of adult Adélies varied from 37-7 to 
402° C, although one bird developed a pyrexia of 44:3° C. 

3. Adélie chicks developed the ability to live outside the nest about 
15 days after hatching, but could only enter the water without a drop in 
body temperature after they had moulted their down. 

These investigations were financed by the National Science Foundation under the auspices 
ofthe U.S. National Committee I.G.Y. andthe U.S. Antarctic Research Program (U.S8.A.R.P.), 
through the Arctic Institute of North America. We wish to thank Commander Price Lewis, 
U.S.N.R., Captain, U.S.S8. Staten Island, and Richard L. Penney for co-operation and help 
throughout the programme. 
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ENVIRONMENT 
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Slices of cerebral tissues from guinea-pigs or cats can be maintained 
in moist oxygen at the surface of salines in a condition which permits 
the measurement of resting membrane potentials (Li & McIlwain, 1957). 
This technique gives an opportunity of comparing the effects of sub- 
stances on polarization and metabolic phenomena in the slices. The present 
investigation examines the effect of the following cations on the membrane 
potential: potassium, sodium, calcium, magnesium and ammonium. 
L- and D-glutamate were also examined in view of their effect on the tissue 


content of potassium salts. 
METHODS 

In most experiments the cerebral cortex of the guinea-pig was used; occasionally experi- 
ments were done with rat, human, calf or sheep slices. Human specimens were obtained 
at Operation for non-malignant conditions by Mr V. Logue and Mr P. Schurr, to whom 
we are grateful. Calf and sheep specimens were excised after the animals had been anaes- 
thetized and used for other experiments by Dr F. Bell, to whom also we are grateful. Guinea- 
pigs and rats were exsanguinated and the brain excised as quickly as possible. Slices were 
cut tangentially to the surface of the parietal cortex, with a strip of razor blading, using a 
glass guide which gave slices 0-30-35 mm thick; these were transferred immediately from 
the blade into the incubating medium in the slice chamber (see below). The time elapsing 
between exsanguination and the beginning of incubation was 2}-3 min. Usually the super- 
ficial slice only was used, and it was pre-incubated for 40 min before recording. : 

The normal bicarbonate glucose saline contained (mm): NaCl 124, KCl5, KH,PO, 
1:24, MgSO, 1-3, CaCl, 2:8, NaHCO, 26 and glucose 10, and was equilibrated with 5% 
CO, in O,. Its pH was 7-2-7-4 at the beginning of experiments, and never exceeded 7-8 by 
the end, Other salines are described in terms of their difference from this normal saline. 


Apparatus 

The apparatus was basically that of Li & McIlwain (1957), but differed in the following 
ways. The slices rested on a nylon grid mounted on a Perspex ring. The slice chamber and . 
the water jacket which maintained the temperature at 37-38° C were made of a single piece 
of apparatus, a Tempunit pump supplied water to the outer jacket 
in a closed circuit from the thermostatically controlled bath. The 95% 0,+5% CO, gas 
mixture was passed through’a flowmeter and a sintered-glass bubbler immersed in the 


t 
Je 
£ 
a 
4 
4 
| 
ta 
j 


264 H.H, HILLMAN AND H. McILWAIN 


warm bath. The O, content of the gas phase above the slice was determined as described 
below and found to be between 70 and 80 %. 

The slice chamber was mounted through Perspex rods on a heavy metal base 90 x 30 cm, 
which had been the table of a milling machine; the base rested on a Dexion frame, which 
had wood and rubber pads between it and the floor. It carried a Prior micromanipulator, 
tilted backwards at 30° from the vertical. The recording micro-electrode fitted into a half 
cell of 3% agar in 2-7m-KCl, with an AgCl—Ag wire plugging into a miniature socket. This 
was connected to the grid of a cathode follower, the length of the lead between the micro- 
electrode and the grid being kept to a minimum, so as to reduce the contribution made by 
the lead to the input capacity. 

The fine adjustment of the micromanipulator carried a pointer with which the depth of 
penetration could be measured on a calibrated scale; 1° was equivalent to advance of the 
tip by 0-3, or to penetration of the slice to a vertical depth of 0-25. 

The micro-electrodes were glass micropipettes, made from Pyrex tubing of internal 
diameter 1—1-5 mm and wall thickness about 0-3 mm. They were drawn in a Palmer micro- 
electrode puller, after the design of Alexander & Nastuk (1953), to tips of < ly. About 
20 electrodes were made in one batch and filled with 2:7MKCI solution under reduced pres- 
sure. Their tips and d.c. resistances (15-100 MQ) were examined before use. It was found 
necessary for the shank of the electrode to be at least 1-5 cm long, and for the taper at its 
_. tip to be less than 1 in 10. 

The cathode-follower valve was a rons acorn pentode RCA 954 with a grid current of 
< 10~* A; it was balanced by another cathode follower whose input was at earth potential. 
The amplifier used was a two-stage push-pull d.c. amplifier with negative feedback, designed 
by Dr J. F. Palmer & Mr G. L. Reid, to whom we are grateful for the circuit diagram. It 
was constructed by Mr J. Westhenry. The trace was i ak al on a Cossor oscilloscope 
Type 1049, to which a camera was sometimes attached. 


Procedure 


The thermostat heater and water circulation were switched on while the electrodes were 
being made, and the saline was gassed with 5 % CO, in 95% O,. The medium (10 ml.) was 
put into the slice chamber which was closed and the gas passed over it at the rate of 100- 
125 ml./min. Two or three slices totalling 1-5 cm? in area and each weighing 40-80 mg were 
cut promptly, placed in the chamber, and left at 37° C for 40 min. This period of pre- 
incubation was chosen because reliable readings could not be obtained before 20-30 min. 

Electrical observations were commenced by advancing the electrode by its micro- 
manipulator until it touched the surface of the solution above a slice; the amplifier was then 
balanced, and slight tip potentials and inequality between half cells balanced off; electrodes 
with large tip potentials were rejected. The electrode was then withdrawn from the solution 
and moved slightly to a new position above the slice. It was then advanced into the tissue 
with the fine adjustment of the micromanipulator, and deflexions on the oscilloscope lasting 
more than 100 msec were noted. A calibration signal was frequently put through the record- 
ing system and this gave an indication of a blocked electrode by its increased time constant, 
as well as a check on the recording system. In a typical experiment 20-25 slow penetrations 
through 0-36 mm, corresponding to a vertical depth of 0-26 mm in the slice, were made from 
randomly chosen parts of the slice; the solution was then changed or additions made to it, 
a further 20-25 readings recorded, and where relevant the original solution reintroduced 


through the syringe. Ten to twenty minutes elapsed after any change of solution before the 


readings were taken. | 


The readings quoted are the maximum negative potentials recorded in each penetration 
to a depth of 0:26 mm. If no potential was recorded in three successive penetrations, or 
there was evidence—like drift or a long time constant—of a damaged electrode, it was taken 
out and examined with a water immersion objective at a magnification of 1350. When norma! 
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tissues and media had been used, absence of recordable potentials was usually due to a 
damaged electrode; when this was seen to be the case, the zero readings were not taken into 
account when appraising the tissue potential. If, however, the electrode appeared normal, 
the previous zero readings were regarded as a property of the tissue. In solutions which 
depolarized the tissue, a longer time was spent in obtaining a given number of readings, as 
the electrodes were examined frequently to ensure that such zero readings were due to cell 


_ depolarization and not damaged electrodes. 


Chemical determinations 


At a chosen stage during an experiment a slice was removed from the chamber by a bent 
wire which could be hooked on to a torsion balance. The slices were taken out rapidly, 
dipped for 3 sec in ice-cold 0-25m sucrose, drained by repeated contact with a glass slide, 
and weighed. They were then treated in one of two ways. 

(a) Homogenized in 3 % trichloroacetic acid at 0° C, left for 20 hr at room temperature and 
diluted: determinations of K+ and Na+ were carried out with an EEL flame photometer; 
chloride was estimated by an adaptation of Lowry’s method (Cummins & McIlwain, 1961). 
These three ions were kindly estimated by Dr J. Cummins. | 

(6) For tissue phosphates slices were ground in 1-5 ml. of 10% trichloroacetic acid in a 
5 ml. test-tube homogenizer which could be centrifuged, and determinations carried out by a 


' procedure based on that of McIlwain (1959). These estimations were done by Mr R. Woodman. 


After incubation for 80—120 min in the normal saline described above, the slices con- 
tained (mean, s.D., and number of observations): potassium, 60-4+ 8:5 (12); sodium, 
102 + 46 (6) and chloride, 45+ 15 (6) wequiv/g tissue. Values for tissue constituents afte 
incubation in modified salines are quoted in the corresponding Results section. bi 

The tissues were found to absorb fluid during incubation, as occurs during most in vitro 
experiments (see Pappius & Elliott, 1956). On weighing slices after draining, and then dry- 
ing them to constant weight (weighing after 2 and 3 hr at 100 °C) their water content after 


- incubation for 1 hr in normal saline was found to be 83-3+ 1-3 % (mean and s.p. for 5 ex- 


periments). The water content of the fresh tissue was 80-0 %, implying the uptake during 
incubation of fluid equivalent to 20 % of the fresh weight of the tissue. The following values 
for tissue constituents (mean and s.p. for 5 expts.) have been referred to the original fresh 
weight of tissue by using these data: 

Phosphocreatinine, after incubation for 1 hr in normal saline, 1-67+ 0-30 umole/g; after 
an experiment involving about 100 penetrations with a micro-electrode, 1-63+ 0-37 pmole/g. 

Inorganic phosphate, after incubation, 2-90+0-42;. after penetration as above, 
2-90 + 0-28 umole/g. 

Oxygen and carbon dioxide tensions in gases were measured in the Scholander apparatus ; 
2 ml. of gas from the space above the slice was drawn into a syringe lubricated with petroleum 
jelly and sealed with mercury. Two estimations were done on each sample and a third if the 
first two differed by more than 1 %. Abuse 


RESULTS 
Resting potentials in normal glucose saline 


On advancing the micro-electrode into the slice sudden changes in 
potential were recorded. Plate 1 is a photomicrograph of the first two 
slices of the guinea-pig brain showing the six layers of Brodmann in which 
cells were penetrated. Text-figure 1.shows the negative potential changes; 
examples include (a) a negative change of 72 mV, gradually being reduced 
before the electrode was withdrawn. In (d) the return is more rapid; 
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this is the change most frequently seen in normal tissue. The potential 
in (6) is gradually increasing. In (c) a sudden very short-lasting change 
is seen. This reading would be discounted, as would that of (e), which 
is presumed to be the result of a temporary blockage of the electrode 
tip, which could not however be seen on subsequent examination of the 
electrode. 


= 70 65 80 
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> -100= — 
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Text-fig. 1. Photographs of a number of penetrations of single cells of cerebral 
slices in vitro. Downward arrow indicates penetration, upward one indicates 
withdrawal. Horizontal bar, 1 sec. Numbers shown against records are potentials 
in mV; (c) touched up. For description see text. 


Return of potential to its initial steady level was almost always less 
abrupt than the change on penetration. Change in potential on pene- 
tration, also, was less abrupt than that shown in Text-fig. 1 when the 
tissue was incubated under certain adverse conditions, for example, in 
media without added Ca or Mg salts. Resting potentials recorded under 
normal conditions could often be increased by minute adjustments of the 
micromanipulator by distances of less than 5y, and this was always tried. 
Potential changes which did not return to the previous level spontane- 
ously or on withdrawal of the electrode were regarded as having been 
modified by changes in the electrode, and are not included in results 
reported. All potentials so reported lasted at least 0-1 sec. When in a 
few cases their stability was examined over longer periods, they frequently 
maintained their maximum level for 10 min, some still being observable 
after 25 min. 

The first part of an experiment in which the average resting potential 
was determined is shown in Text-fig. 2. This was a slice of human tissue, 
which was not observed to differ in the present experiments from guinea- 
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pig tissue. Its mean resting potential was 57+10 mV (mean and s.pD.) 
in 93 readings, the experiment lasting altogether for 4 hr, with 20 zero 
readings. Many potentials over 70mV were recorded. In a series of 
12 experiments with guinea-pig parietal cortex 236 readings gave a poten- 
tial of 59+ 12 mV (mean and s.p.). 
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Text-fig. 2. Resting membrane potentials from a human cerebral slice in vitro in 
oxygenated Krebs—Ringer bicarbonate glucose saline. Each point is a single 
maximum reading from a penetration 260, deep. Arrow indicates beginning of 
recording after pre-incubation. Note (a) the wide scatter of readings within one 
experiment under optimum conditions, (6) the many readings over 70 mV, (c) the 
number of penetrations with zero readings, (d) the ability of the tissue to main- 
tain the polarization of some cells for 150 min. The intervals in recording are due to 
examination and replacement of damaged electrodes. The absence of values be- 
tween zero and 30 mV is related to the criteriaychosen for replacement of electrodes 
(see p. 264). 


Cell size and position. The following comparison has been made, in the | 
guinea-pig, between the size of the regions of negative potential, and the 
size of cells in stained sections of the same tissue. The distance travelled 
by electrodes while recording uninterrupted negative potentials on 50 
occasions was 18 + 13. The size of intersected portions of 50 cells in the 


slides from which Pl. 1 was prepared, when measured along 5 axes 1-5 mm 


apart and at an angle of 30° to the vertical (the micro-electrodes were 
inserted at this angle) was 12+4. Shrinkage during histological pro- 
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cedures appears likely to help to make this value less than the distance of 
travel of the electrode. Both dimensions are markedly smaller than 
the average cell diameter, because an electrode or an intersecting line 
can only occasionally be expected to pass through the centre of a cell. 
Dependence of the potentials recorded on the depth of the micro- 
electrode tip in the slice was examined in the three experiments with 
guinea-pig tissue, involving about 150 readings; no correlation was found. 


TaBLe 1. Resting potentials of slices of guinea-pig parietal cortex 
in bicarbonate saline during successive experimental periods 


Each line of the Table gives results with tissue from one animal in one day’s 
experiments. In each experiment, observations of the first period were com- 
menced after 40 min pre-incubation of the tissue. The first period comprised the 
time, noted in the Table which was required to take 25 readings of potential. 
In A the second period comprised the next 25 readings, taken without altering the 
system apart from any necessary replacement of micro-electrodes (they were 
replaced as specified in the text). In B the glucose bicarbonate saline was with- 
drawn after the first period and replaced by a fresh batch of the same saline, 
and after an interval of 10 min the second period commenced. The same change 
was made before the third period. Potentials are given as the mean +8.D. for the 
25 observations. 


First period Second period Third period 
Potential Duration Potential Duration Potential Durstion 
(mV) (min) (mV) (min) (mV) (min) 

A. No change in the saline 
52+12 27 53+11 40 
51+11 40 54+ 12 37 — — 
§2+7 54 56+9 39 544+8 55 
49+7 18 53+7 30 55+7 14 
3 B. Saline changed between successive periods 
62+9 43 61+10 40 47+10 50 
55+4 104 50+9 85 §2+3 : 52 
53+14 40 §24+13. 32 . 638+10 28 
61+8 21 : 63+8 25 62+ 10 29 


Correlation was sought also between the distance which the electrode 
travelled within a region of negative potential, and the magnitude of the 


potential. Again no correlation was found. Electrodes were found to be — 


in regions of negative potential for an average distance of 26y in each 
100. travelled (80 penetrations in.4 experiments). In 2 experiments 
with liver slices the electrodes were found to be in regions of negative 
potential for 56 in each 100 travelled (see Li & McIlwain, 1957). 
Change of medium and excision of tisswe. The trend of resting potentials 


in successive experimental periods was studied first without change of 
solution, and secondly with change of solution for one of the same com- 


position. It can be seen from Table 1 that in general no significant 


changes in potential occurred in successive periods of either type of | 


7 
di 
in 
th 
m 
€ 
re 
re 
ti 
CO 
th 
Ce 
| | tr 
t 
| hi 
at 
8 
| ti 
| be 
Ww 
| 
| 
n 
ti 


POTENTIALS IN CEREBRAL TISSUES 269 


experiment. The time required to take 25 readings of potential in each 
experimental period is recorded, as it was variable and could have con- 
ditioned the potentials observed. No correlation is, however, discernible 
in the findings in this respect in Table 1. (In earlier experiments, before 
the techniques described were fully established, the resting potentials 
measured averaged 35-40 mV, again without variation in successive 
experimental periods in which the salines were replaced. Values for 
resting potentials were increased to those recorded elsewhere in this paper 
_ by further attention to the preparation of the tissue, to the preparation 
of the micro-electrodes, and to the oxygenation of the chambers.) 

In 3 experiments, 2 with guinea-pigs and 1 with a rat, the brains were 
removed under ether anaesthesia and gave normal values for resting poten- 
tials: 60+8, 51+8 and 62+12mV (mean and s.p.). Human cerebral 
cortex was examined after excision under nitrous oxide anaesthesia after 
previous administration of thiopentone, and also gave values similar to - 
those of normal experiments with tissues from laboratory animals (Table 1). 
Cerebral tissues from two sheep and one calf were removed after adminis- 
tration of pentobarbitone and ether; experiments with slices of each of 
these tissues showed resting potentials (mean+s.D.) of 54+6, 5244, 
and 70+8mV respectively, suggesting again that anaesthesia did not 
have a deleterious effect upon resting potentials. 7 

In several experiments part of the brain from guinea-pigs, sheep and 
man were stored immediately after excision in a closed vessel containing 
filter paper moistened with the normal saline, and placed in a refrigerator 
at 2-4°C. After 1-5-5 hr experiments carried out in the normal way with 
such specimens gave normal values for resting potentials (see also Li 
& McIlwain, 1957). Lower potentials or no potentials were recorded from 
tissue which had been kept at 4° C after contact with saline, or which had 
been exposed in the laboratory (not in an atmosphere saturated with 
' water vapour) for more than a minute or so. 


Dependence of potentials on the concentration of potassium salts 


The normal saline contained 5 mm-KCl and 1-2 mm-KH,PO,; the KCl 
was omitted and the phosphate replaced by the sodium salt in the experi- 
ments of the present section, and when necessary chosen amounts of 
concentrated KCl were added to give the potassium concentrations re- 
corded. In 5 experiments potassium-free media were used. After incuba- 
tion with the tissue, these were found to contain nearly 1 mm-K*, derived 
presumably from the slice. No resting potentials could be recorded in 
these media; the slices from them were found to contain ( umole/g tissue, 
with s.p. and number of experiments) K, 44 +7 (6); Na, 117+ 15 (6); and 
Cl, 48 +11 (4). 
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Resting membrane potentials observed in slices incubated in media 
with increasing potassium concentrations are shown in Text-fig. 3. 
Potentials with the normal external [K+] of about 6-2 mm were greater 
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Text-fig. 3. Resting potentials in cerebral slices, and the potassium concentration 
(log scale) of incubating salines. Above: results from a single slice initially in 
3 mm-K+ obtained during successive additions of KCl, each circle giving the — 
mean of 25 readings, with the s.p. represented by a vertical line. When the tissue 
had been depolarized for 100 min, it was returned to 6-2 mm-KCl and the lower 
circle at 6:2mm-KCl shows the potentials recorded at that concentration in 
the cellular elements of the same slice which has repolarized. Below, mean resting 
potentials from several similar experiments (indicated by different symbols) with 
different external potassium concentrations. The lower readings at 6-2 mm-KCl are 
from tissue which had been returned to this concentration after depolarization 
with a higher concentration of KCl. : 
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than those found in 4 or 10 mm. Potentials fell to zero with 20-50 mm-K‘+. 
Tissues so depolarized could to some extent regain their potentials after 
being restored to the normal saline of 6-2 mm-K+. This is noted in two 
experiments of Text-fig. 3, with tissues which had been depolarized for 
100 and 120 min, respectively. ‘That the restoration of resting potentials 
was not complete may have been due to the incubation in vitro having 
then lasted for 3 hr. 


Sodium concentration and resting potentials 


In 5 experiments, in which the NaCl of the normal saline was replaced 
by an equimolar concentration of choline chloride, and the NaHCO, 
by equimolar choline bicarbonate, no resting potentials could be observed. 
After 80 min incubation in three of these experiments, solid sodium 
chloride was added to bring the sodium concentration to normal. The 
media were then hypertonic (see below); no potentials were observed. 
Eight slices were analysed after incubation in media without added sodium 
_ salts, giving (umole/g. tissue, +s.p.): K, 30+6; and Na 14+4. Three 
of the slices in media to which NaCl had subsequently been added, gave 
values: K, 36+1; and Na, 67+4 wmole/g. Thus the slices had regained 
some Na, but little K. That the choline did not affect the resting potential 
was shown in two experiments in which NaHCO, buffer was replaced by . 
choline bicarbonate (26 mm) and normal potentials of 54 +12 mV (s.D.) 
and 58+ 11 mV (S8.D.) were recorded, while the slices contained 50 and 
54 umole/g of K and 60 and 62 umole/g of Na, respectively. 

By contrast to the findings in Na-free media, lowering the Na content 
of the medium from 150 to 26 mm resulted in no significant change in 
potential, nor did raising the Na to 300 mm (Table 2). The latter solution 
was markedly hypertonic. 


Calcium and magnesium concentrations, and resting potentials 
In a normal Krebs-Ringer bicarbonate saline with 2-8 mm-Ca?**, resting 
potentials could be observed after 20-30 min incubation. In 5 experiments 
the calcium was omitted from the medium, and potentials could not be 
observed until 60-70 min, but then sometimes appeared; in 2 experiments 
values were 51 + 12, and 53 + 20 mV (mean and s.D.; n = 25 each). Sub- 
sequent addition of calcium to make the solution 2:8 mm after potentials 
had been observed in its absence, produced no, further change. 
In 3 experiments the tissue was incubated in normal glucose saline with 
2-8 mm-Ca*+, and when this was replaced by 0-56 mm-Ca** the resting 
potentials changed from 59+ 14 to 56+ 12 mV (mean and s.D.; = 75). 
When in 4 experiments the initial saline contained 0-56 mm-Ca**, and the 
concentration was raised to 2:8 mm, the potentials changed from 56 + 12 
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to 56-5+11mV (mean and s.p.; n = 100). In 4 experiments the Ca?+ 
concentration was raised from 2-8 to 14mm in one step, the potentials 
changed from 54+ 12 to 55+ 14 mV (mean and s.p.; n = 100). None of 
these potential changes were significant. 

Absence of magnesium from the external solution also caused a delay in 
repolarization of cells, and when after incubation of 60 or 70 min poten- 
tials appeared, they were slightly lower than in other experiments of this 
series, being in these experiments (mean and Ss.D.): 464+14; 48415 
(60 readings), and 52+9mV. In two experiments addition of MgSO, to 
make the final concentration 1-3 mm caused no significant change, the 
potentials initially being (mean and s.p.) 52+9 and 45+ 11 mV, and on 
addition of MgSO, to 1-3 mm 52+ 10 and 50+9 mV respectively. 


TABLE 2. Sodium salts and resting potentials (mV) during successive periods 
_ Experimental arrangement and recording of results as in Table 1 B, with media 
of the Na content indicated. Media with 26 mm-Nat contained 124 mm-choline 
chloride. Additional Na in B was added as NaCl. Guyinea-pig cerebral cortex 
(except in expt. *, which was with human cortex) 


First period, Second period, Third period, 
normal saline 26 mm-Nat normal saline 
48+10 42+10 42+8 
53+8 53+12 45+6 
+10 59*+14 58*+7 
49 10 45+8 43+7 
B 
First period, Second period, Third period, ‘Fourth period, 
normal saline 225 mm-Nat 300 mm-Nat normal saline 
60+ 12 56+9 44420 46+15 
 §74+14 56+ 13 32+13 — 
52+8 49+10 55+12 62+ 15 
54+ 10 — 54+ 12 
63+9 60+ 11 cone — 
58+13 — 59+13 56+ 13 


In the second series of experiments concentrated MgSO, was added 
to a solution containing the normal 1-3 mm-MgSO,, raising the concentra- 
tion to 20 mm: the resting potential changed from 58 + 12 to 58-5+ 12 mV, 
(mean and s.D.; » = 100); this was not significant. 


Ammonium and glutamate ions 


Glutamates are involved in ammonia metabolism in cerebral tissues 
and modify their potassium content (see Discussion). 20 mm-sodium 
L-glutamate caused a significant fall in resting potentials, averaging 26°, 
in the experiments of Table 3. After the initial incubation in 4 experi- 
ments, the glutamate-containing saline was replaced by the normal 
control saline, and an increase in potential ensued. By contrast, 20 mm- 
sodium D-glutamate was without significant effect on the resting potential. 
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The addition of ammonium chloride to make the concentration of 
ammonium salts in the media 5mm was also without effect on resting 
potentials (Table 3). The ammonia content of the medium was determined 
at the end of the experiments in case it had volatilized owing to gas passing 
over it, but no loss was found. | 

In 6 experiments diminution of resting potential occurred with addition 
of 5mm-NH,Cl together with 20 mm-Na t-glutamate. This change was 
not significantly different from that of L-glutamate alone, but recovery 
was inhibited (Table 3). 


TABLE 3. D- and L-glutamates and ammonium salts on resting potentials in 
guinea-pig cerebral cortex 


Experimental arrangement as in Table 1 B, except that the saline in the second 
period contained the additional substances indicated. Results from several 
experiments, each carried out with tissue from a different animal, are included in 
mean values (mV), followed by s.p. and number of penetrations. 


Potentials during successive periods 


, P value for change 


First | Third 
. period Second period period First to Second to 
No. of normal A normal second third 
expts. saline Addition saline period period 
5 . 568414 20 mM L- 44+16 53+ 15 0-001 0-001 
(130) glutamate (130) (100) : 
3 53+9 20 mM D- 563+ 10 52+ 10 Neither significant 
(75) glutamate (75) (75) 
5 56-5+ 13 5 mu-NH,Cl 56411 56+ 10 Neither significant 
(125) (125) (125) 
4 54+11-5 5mm-NH,Cl  46+9. 45+8 0-001 Not 
(150) and 20 mm- (150) (100) significant 
| L-glutamate 
DISCUSSION 


Magnitude of potentials recorded from slices wnder normal conditions 


The recording of intracellular resting membrane potentials is subject 
to extraneous effects from tip potentials (Adrian, 1956), from temporary 
blocking of electrodes and from damage to the cells on impalement 
(Woodbury, Hecht & Christopherson, 1951; Frank & Fuortes, 1955; 
Haapanen, Kolmodin & Skoglund, 1958). In the present investigation 
electrodes with large tip potentials, or with increased resistance, which is 
usually due to blockage by tissue, were discarded. On the assumption 
that rapidly depolarizing cells have been badly damaged by impalement, 
we rejected those potentials lasting less than 0-1 sec. Haapanen ef al. 
(1958) concluded that cells with a surface area of 20,000? or less are 
unlikely to have the whole of their membrane potential recorded, owing 


to short-circuiting at the damaged membrane. The area quoted would 
18 PHYSIO, CLVII 
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represent a spherical cell of 80u diameter, and the tissue employed 
in the present study does not contain cells as large as this. A small, 
transient reading would also be expected on moving the electrode through 
a dendrite, an axon, or a small part of a cell. 

The potentials recorded from the slices average 59+ 12 (s.D.) mV, 
a value substantially higher than that of Li & Mcllwain (1957). This 
is largely because the earlier study took account of every negative poten- 
tial which could be recorded, whereas the present study is based on the 


understandable thai the present values are more comparable with those 
of Phillips (1956), who recorded from Betz cells of cat cortex in vivo 
and found resting potentials between 48 and 69 mV. Phillips (1956) also 
recorded many values of 60-90 mV in ‘inexcitable’ cells, which he sup- 
posed were neuroglia. We have, as yet, not investigated whether the cells 
from which recordings were made respond to stimuli, or are neurones or 
neuroglia (see Tasaki & Chang, 1958). 

It was usual, in those of the present experiments which were carried out 
under normal conditions and gave an average potential of 59 mV, to 
record some potentials of 80 mV or more. Possibly these higher values 
represent the less damaged cells, an assumption supported by Phillips's 
(1956) finding of a larger overshoot on stimulating cells of higher resting 
potentials. It did not seem possible to relate the larger potentials to a 
particular type of cell. Thus there did not appear to be a correlation 
between the potential of polarized elements and the distance travelled by 
the micro-electrode while remaining at a uniform negative potential. 


and from different angles, and thus present regions of negative potential 
_ It is to be emphasized that the polarized elements in the tissue in vitro 
for an average of 26% of their travel in the tissue, a value comparing 


preparing the tissue presumably remains superficial or is made good during 
incubation. From a metabolic point of view the energy-rich phosphates 
of the tissue and its ionic composition, which suffer large changes during 
preparation for in vitro experiments, have been demonstrated above to 
be largely restored during the first 20-30 min of incubation. — 


Potassium salts 


When the potassium concentration of the fluid bathing the tissue 
was increased above its normal value of 6-2 mm, tissue potentials di- 
minished ; diminution is to be expected from the Nernst equation, if the 


maximum stable potential observed in each penetration. It is therefore _ 


Presumably cells of a given type can be penetrated more or less centrally | 
to the electrode for a variety of different distances of travel (see p. 268). 
are not sparse, but that the electrodes were in regions of negative potential — 


favourably with observations in vivo. Much of the damage incurred in — 
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ells were acting as potassium electrodes. Below. 6-2 mm-Kt+ tissue 
potentials also fell and could not be recorded in media of 1 mm-K+, 
when the tissue contained 44 equiv K/g (content in normal media was 
60 pequiv/g). This is consistent with Pappius & Elliott’s (1956) observa- 
tion on cerebral slices in media of varying K+ content, which showed that 
the maximum difference between internal and external K+ concentration 
also occurred with media of 5-10 mm-K*t. 

Potassium salts are required in incubating media if isolated cerebral 
tissues are to respond metabolically to applied electrical pulses (Cummins 
& McIlwain, 1961). Respiratory response to applied pulses increased 
nearly linearly with the potassium content of the tissue between 9 and 
56 pequiv K/g fresh wt. of tissue. This implies an appreciable respiratory 
response in tissues in which we have been unable to record resting poten- 
tials in the present study. It remains likely that respiratory response. to 

pulses depends on depolarization of cellular structures; the experimental 
arrangements in measuring the respiratory response aim at making the 
stimulus effective at all such structures whereas, as described above, it is 
likely that the micro-electrodes measure — in only the larger 
cellular structures. 

Addition of 30-100 mm K salts to the fluid environment of cerebral 
_ tissues during metabolic experiments increases respiration (Ashford & 
Dixon, 1935; Dickens & Greville, 1935) and diminishes tissue phosphocrea- 
tine (Gore & McIlwain, 1952). The depolarization which appears likely to 
be intermediary in these actions of potassium salts is clearly demon- 
strated in the present experiments. Release and diffusion of potassium 
salts from cerebral tissues in vivo have been considered an important 
part of the mechanism involved in the spreading depression of Leaio | 
(1944) by Grafstein (1956) and by Bure’ (1956). Taking the intracellular 
concentration of potassium salts in vivo as 100 mm and the extracellular 
space as 40% (Pappius & Elliott, 1956), accumulation extracellularly of 
some 12% of the, tissue potassium would be needed to produce the 
30 mm-K+ now associated with depolarization. Loss of this magnitude 
was found by Cummins & MclIlwain (1961) to be caused by 2 min electrical 
stimulation of the isolated tissue. Graftstein (1956) quotes calculations of 
A. L. Hodgkin suggesting that the speed of spread of the inexcitable con-— 
dition is consistent with the speed of diffusion of potassium salts. 

The fall in resting potential observed to follow the addition of L-glutamic 
acid to cerebral tissues is parallelled in spinal motoneurones of lightly 
anaesthetized cats (Curtis, Phillis & Watkins, 1960). Of known properties | 
of L-glutamic acid, that most directly related to its action in diminishing — 
resting potentials appears to be itg effect on potassium salts. Although 
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higher levels of potassium salts, per gram fresh weight of tissue, than those 
in media with glucose only (Terner, Eggleston & Krebs, 1950), Pappius & 
Elliott (1956) observed the tissue with glutamate to swell to such an extent 
that the computed intracellular potassium concentration fell by some 
15%. Cerebral tissues swell in several situations in which energy-yielding 
reactions fail, and glutamate leads to fall in the phosphocreatine of cere- 
bral tissues (McIlwain, 1952), giving the impression that energy-consuming 
reactions are increased with glutamate. These processes could include the 
assimilation of glutamic acid itself, which reaches tissue concentrations 
much above those in the medium (Stern, Eggleston, Hems & Krebs, 1949) 
and the synthesis of glutamine (Weil-Malherbe, 1936; R. J. Woodman & 
H. MclIlwain, unpublished); presumably such processes consume sufficient 
energy-rich intermediates to deplete the supply to ion-transport 
mechanisms. 
| Sodiwm and other tons 

The present investigations appear to give the first demonstration of 
requirement by mammalian cerebral tissues, for the presence of sodium 
salts for maintenance of resting membrane potentials. The presence of 
sodium salts has already been shown to be necessary in obtaining metabolic 
response to electrical stimulation of mammalian cerebral cortex (Gore & 
MclIlwain, 1952). 

In seeking a reason for this it appears important that dificioncy i in the 
Na of incubating media in the present experiments, as in those of Pappius, 
Rosenfeld, Johnson & Elliott (1958), led to fall in the K of cerebral tissues. 
_ Lowered external Na has been shown also to decrease the K content of 
desheathed sciatic nerves from the frog (Shanes, 1956). Whether this 
implies requirement for Na directly in the active transport of K is not 
answered by the present experiments; a less direct relationship is favoured 
by the fall in the phosphocreatine of the tissue found to occur in Na-free 
media (Gore & Mcilwain, 1952). In the present experiments the effects 
of incubating in Na-free media were not readily reversible; if, when 
potentials did not reappear in the Na-free media, NaCl was added, the 
tissue K did not increase nor did potentials reappear. This was not due 
to osmotic effects or to direct toxic action on the part of the choline, 
which was then the main cation; potentials were still observable in 
tissues incubated in media with 300 mm-NaCl, and in media containing 

125 mM choline chloride and 25 mm-NaHCo,. 

Absence of Ca or of Mg salts from media in which cerebral tissues 
were incubated adversely affected both metabolic characteristics and the 
establishment of resting potentials in the tissue. In the depleted media 
tissues resynthesized only some. 60%, of their normal phosphocreatine 
(Gore & McIlwain, 1952). In the present experiments such media led to 
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a delay of 30-40 min in the establishment of resting potentials, though 
when potentials appeared they were close to normal values. In these 
experiments the tissue itself contributes some Ca and Mg to the system. 

The experiments as a whole show considerable scope for investigation 
of electrophysiological phenomena in isolated mammalian cerebral tissues. 
The system offers the usual advantages of an in vitro technique in allowing 
experimental changes much wider than are permissible in vivo; the com- 
plete replacement of Na salts gives an example of this. 


SUMMARY 


1. Resting membrane potentials can be recorded intracellularly in slices 
of mammalian cerebral cortex maintained at the surface of oxygenated 
glucose salines. The average potential recorded was 59 + 12 mV (s.D.) and 
thus approximates to values previously observed in vivo. Some 20-30 min 
incubation was needed for the reappearance of the potentials in vitro. 

2. The potentials were dependent on the potassium concentration of the 
saline, maximum potentials being recorded at an external potassium 
concentration of 6mm. After establishing potentials in such media, 
additions of KCl to 15-50 mm caused depolarization of the tissue; poten- — 
tials could subsequently be re-established in media with 6 mm-Kt. 

3. No change in resting potential was detected when the external 
sodium concentration was altered between 25 and 300 mm, but media 
without sodium salts did not permit repolarization of the tissue. 

4. Magnesium and calcium concentrations could be varied considerably 
without altering the membrane potentials, but their absence caused 
a 30-40 min delay in repolarization on incubating the cerebral slice.. 

5. Addition of 5 mm ammonium chloride did not affect cell polariza- 
tion. 20 mm L-glutamate decreased the resting potentials, while 20 mm- 
D-glutamate had no effect. 

_ 6. The observations are discussed in relation to metabolic properties of 
cerebral tissues and to resting membrane potentials observed in other 
systems. 
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EXPLANATION OF PLATE 


Photomicrographs of stained sections prepared from slices of parietal cortex of guinea-pig 
used in the present experiments. Slices were fixed in 10% formalin, embedded in celloidin 
(Carleton, 1938) cut at 30y, and stained with cresyl violet (Spielmeyer, 1930). Left; outer 
slice cut first from the convexity of the hemisphere; right, slice cut second. The upper 
arrow in the first slice shows a neuroglial cell, the lower a neurone. Horizontal scale, 201; 
the lamina noted. haa acum by Dr J. B. Brierley. 


fyramidal 


yer 1: 
plecular 


ayer 2: 
uter 
ranular 


ayer 3: 


ayer 4: 
nner 
ranular 


The 


4 
«fd 
f 
3 a 
| 
5 fy 
4 
4 
va 


yer 1: 
plecular 


ayer 2: 
uter 
ranular 


ayer 3: 
tyramidal 


ayer 4: 
nner 
ranular 


. HILLMAN anv H. McILWAIN 


The Journal of Physiology, Vol. 157, No. 2 


Layer 4 


Layers 5 and 6: 
polymorphic 


Plate 1 


(Facing p. 278) 


» “ 
4 
A 
| 
giz t 
\ 
i 
‘aon : a 
2 
a 
7 
3 
j 
4 
4 
q 
# ay 
| 
3 


J. Ph 
With | 
Printe 


TRA 


q 
by f 
4 of pl 
actin 
q end. 
1 testi 
4 
(194 
sup] 
@ of a 
a fluic 
the 
oft 
q the: 
to s 
Mat 
TI 
desc 
sodi 
tem) 
whe 
as 
orde 
plac 
the: 
cons 
liga: 
was 
the 
alor 
14 mac 
Her 


J. Physiol. (1961), 157, pp. 279-288 279 
With 1 text-figure 
Printed in Great Britain 


TRANSFER OF GLUCOSE AND FLUID BY DIFFERENT PARTS 
OF THE SMALL INTESTINE OF THE RAT 


By BERYL A. BARRY, J. MATTHEWS anp D. H. SMYTH 
From the Department of Physiology, University of Sheffield 


(Received 9 January 1961) 


The concept of gradients of activity by the intestine was put forward 
by Alvarez (for reference see Alvarez, 1939), who thought that a number 
of properties of the intestine could be explained by gradually diminishing | 
activities of various kinds along the intestine, beginning from the jejunal 
end. Alvarez was interested primarily in the motor activities of the in- — 
testine, but later studies on the rat intestine in vitro by Fisher & Parsons 
(19496), Wilson & Wiseman (1954) and Smyth & Taylor (1957) have 
supported the idea of different intestinal regions showing different levels 
of activity, at least as regards O, consumption, glucose transport and 
fluid transfer, and in general these activities were found to be greater in 
the jejunal than the ileal regions. The following experiments were under- 
taken to investigate in more detail the transfer capacity of different parts 
of the intestine. Glucose and fluid transfer were selected for study, as 
these are known to vary in different intestinal regions, and one object was 
to study the correlation between glucose and water transfer in different 


parts of the intestine. A preliminary account has been published by Barry, 


Matthews & Smyth (1960). 


METHODS 


The intestinal preparation used was the everted sac of small intestine of the rat as 
described by Wilson & Wiseman (1954). White rats were anaesthetized with pentobarbitone 
sodium, the whole of the jejunum and ileum removed, transferred to 0-9% NaCl at room 
temperature and everted. (The duodenojejunal junction is arbitrarily taken as the point 
where the gut is closely bound to the posterior abdominal wall, and the jejunum was divided 
as close to this as possible). After eversion the intestine was returned to 0-9% saline. In 
order to facilitate the identification of different parts it was found useful at this stage to 
place ligatures of different colours on the jejunal and ileal ends. The everted intestine was 
then transferred to a Perspex trough, 1 m long, containing 0-9% NaCl. The bath was 
constructed by dividing longitudinally a Perspex tube of 1 in. (2-5 cm) diameter. The 
ligatures at the ends of the intestine were fixed to hooks and the intestine stretched until it 
was just straight, It was then further stretched until the total length in centimetres was 
the next multiple of five. Usually the extended length was 65-75 cm. With the metre scale 
alongside, the intestine was now divided by ligatures into five equal parts, and sacs were 
made from these five parts. The sacs were filled with 1 ml. bicarbonate saline (Krebs & 
Henseleit, 1932) with or without glucose, suspended in 15 ml. of the same solution, and 
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shaken in flasks as described by Parsons, Smyth & Taylor (1958). As five sacs of intestine 
were used, and as these could not be made simultaneously, a system had to be devised to 
eliminate the factor of the order in which the sacs were made, as Fisher & Parsons (1949.2) 
had stressed the importance of minimal delay in setting up in vitro intestinal preparations. 
The following scheme was used. Preliminary experiments showed that if the segments were 
taken out of the trough at 6 min intervals this allowed adequate time for dealing with each 
in turn, and hence this procedure was adopted asa routine. When this is done, however, the 
last segment to be used must remain 24 min longer in the saline than the first before it is 
used. If the experiments are done in sets of five the different segments of intestine can be 
used in different orders, so that in a complete set all will have received the same treatment. 
An example is shown in Table 1. The five segments of intestine are numbered I, II, ITI, IV 
and V starting from the jejunal end. In the first experiment of the set the sacs were made in 
the order I, II, III, IV and V; in the second they were made in order II, III, IV, V and I; 
in the third ITI, IV, V, I and II and so on for a set of five experiments. When the set of five 
experiments is completed the average values can be obtained either (a) for the sac made 
first, the sac made second, etc., or (b) for sac I, sac II, sac ITI, sac IV and sac V. In the 
first case the average values will include in each case figures for sac I, sac IT, sac ITI, sac IV 
and sac V, and therefore will all be comparable. In the second case the average values will 
include figures for the sac made first, second, third, fourth and fifth and will again be 
comparable. If a larger number of results are required average figures can be taken from 
two or more sets each consisting of five experiments. In this way it is possible to study the 
effect both of order of making the sac and also the part of the intestine used. It should be 
noted that, while the sacs were waiting to be used, they were kept in 0-9% NaCl solution 
at room temperature with no added glucose and were not oxygenated. Preliminary experi- 
ments rather surprisingly did not show that more consistent results were obtained with 
more elaborate conditions of maintenance, but this point is being further investigated. The 
methods of calculating the results were as described by Parsons et al. (1958), and the terms 
used in describing these were as used by Jervis & Smyth (1960). For convenience of th 
reader they are repeated here. The fluid in which the sacs were suspended is called the 
mucosal fluid, and the fluid inside the sac the serosal fluid. The mucosal fluid transfer is the 
diminution in the volume of fluid on the mucosal side during the course of the experiments; 
the serosal fluid transfer is the increase in volume inside the sac; the gut fluid uptake is the 
increase in the volume of fluid in the gut wall; the initial mucosal and serosal glucose 
concentrations are the concentrations in the mucosal and serosal fluid at the beginning of 
the experiment; the final mucosal glucose concentration is the concentration in the mucosal 
fluid at the end of the experiment; the final serosal concentration is the concentration of 
glucose in the serosal fluid at the end of the experiment; the final concentration gradient is 
the difference between the final serosal glucose concentration and the final mucosal glucose 
concentration ; the mucosal glucose transfer is the amount of glucose which disappears from 
the mucosal fluid; the serosal glucose transfer is the increase in glucose in the serosal fluid; 
the gut glucose uptake is the difference between the mucosal glucose transfer and the serosal 


glucose transfer (the term includes therefore glucose metabolized and also glucose present 


in the gut wall at the end of the experiment); the mucosal concentration transferred is the 
mucosal glucose transfer divided by the mucosal fluid transfer; the serosal concentration 
transferred is the serosal glucose transfer divided by the serosal fluid transfer. All these 
quantities as defined are taken to be positive. Under certain conditions some of them may 
become negative. One other measurement which has been used by Wiseman (1955) is the 
final concentration ratio developed, by which is meant the ratio of the final concentration 
in the serosal fluid of substance transferred to its final concentration in the mucosal fluid. 
Glucose was estimated by the method of Nelson (1944), as modified by Somogyi (1945). 
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_ RESULTS 
Effect of order of making the sacs 

This was studied in a set of five experiments in which sacs were made 
in different orders as described. Bicarbonate saline was used, with glucose 
added in an initial concentration of 500 mg/100 ml. The initial mucosal 
and serosal solutions were the same. The results of one set of experiments 
are seen in Tables 1 and 2, which give the mucosal fluid transfer and 
mucosal glucose transfer. The tables show the range of variation obtained 


TaBLE 1. Mucosal fluid transfer by sacs of everted intestine in five experiments in which 

the sacs were made in different order. The sacs are numbered from the jejunal end. The 

average of the figures in the first vertical row will be the value for sac I; the average of the 
bold figures in the oblique row will be the value for the sac made first 


Mucosal fluid transfer (ml./g initial wet wt./hr) 


Order of making sacs Sac I Sac IT Sac III Sac IV Sac V 
I, Il, II, IV, V 1.42 0-92 1-25 1-22 0-42 
Il, Ill, IV, V, I 1-26 1.46 1-34 0-76 0-75 
ITI, IV, V, I, I 0-96 ~ 1-00 1.94 1-51 1-30 
IV, L, II, 1-10 1-25 1-64 1.55 1-19 
V, I, ll, M1, IV 0-97 1-40 


TaBLE 2. Mucosal glucose transfer by sacs of everted intestine in five experiments in 
which the sacs were made in different order. The sacs are numbered from the jejunal end 


Mucosal glucose transfer (mg/g initial wet wt./hr) 


Order of 


making sacs Sac I Sac II Sac III Sac IV Sac V 
I, I, II, IV, V 28-22 25:92 31-07 21-50 3:78 
II, 111, IV, V, I 21-39 31-14 33-03 15-90 1-92 
UI, IV, V, I, 18-68 23-96 39-79 18-21 3°76 
IV, V, I, Il, II 26-49 32-15 38-95 30°54 5-03 
V, I, Il, I, Iv 26-77 31-69 26-79 11-99 431 


in a complete set of experiments carried out in this way, and they also, 
even at a casual inspection, suggest that there are differences in transfer 
capacity of different parts of the intestine. 

The differences due to the order in which the sacs were made were 
determined by carrying out an additional set of experiments, and from the 
two sets of experiments average values were taken for the ten sacs made 
first, the ten made second, third, fourth and fifth. The results are seen in 
Table 3. The results for both glucose and water transfer are expressed both 
as the transfer per gram initial wet weight of tissue and also as a percentage 
of the sacs made first. There is evidence of some deterioration in transfer 
capacity for both glucose and water due to delay in making the sacs. 
The significances of the difference between the means for the sacs made 
first and fifth are for glucose transfer P < 0-1, and for fluid transfer 
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P < 0-02. There is thus a significant difference for fluid transfer but not 
for glucose transfer. Although in the case of glucose the difference is not 
significant, the results do not prove that there is no difference, and it would 
obviously be unwise to use the sac made first and last to compare directly 
transfer capacity. Hence in comparing the activities of different parts of 
the intestine it is safer to use the average values from sets of experiments 
in which the sacs are made in different orders. 


TaBix 3. Effect of order of making sacs on the mucosal transfer of fluid and glucose. The 
table shows (a) the average values with standard errors (for two sets of five experiments each) 
of the mucosal transfer in the sac made first in each experiment, the sac made second in each 
experiment, etc., and (b) the average values expressed as a percentage of the average values 
of the sac made first 


| Order of making sacs 

‘First Second Third Fourth Fifth 

Average mucosal glucose transfer 
expressed as 

(a) mg/g wh, fhe 26- "13 23> 20-734+4-01 20-494+3-15 19-47+3: 
(6) percentage of sac made first 76-80 75°91 72-13 
Mucosal fluid transfer expressed as: : 
(a) ml./g wet wt./hr 1:5140-12 1-28+0-11 1:094+0-09 0-984+0-08  0-97+0-1 
(b) percentage of sac made first 100 84-8 72-2 ~ 64-9 64-2 


Transfer of glucose and fluid in different parts of the intestine 

This was studied by taking average values for twelve parameters from 
the same two sets of experiments (i.e. 10 values for each part of the in- 
testine), in which the sacs were made in varying orders; and the results 
are given in Tables 4 and 5. 

As regards fluid transfer (Table 4) the middle segment of the intestine 
is seen to be the most active as measured by mucosal transfer, serosal 
transfer or gut uptake. If we take mucosal transfer, the significance of 
the superiority of sac III over any other sac is indicated by the following 

- values of P, < 0-01 for sac I, < 0:1 for sac II, < 0-02 for sac IV and 
< 0-001 for sac V. The difference between the other sacs is scarcely or not 
significant. It will be noted in particular that sacs I and V are very 
similar, although it will be shown later that there is an important dif- 
ference between them. 

The details for glucose transfer are seen in Table 5. The first four seg- 
ments all show removal of glucose from the mucosal fluid (mucosal glucose 
transfer) and a transfer of part of this to the serosal fluid (serosal glucose 

transfer). A large part of the mucosal transfer is retained in the gut wall 

(gut glucose uptake), the fraction for the first four segments being respec- 

tively 0-85, 0-81, 0-71 and 0-80. In the case of the fifth segment not only 
is the total mucosal transfer retained, but some glucose disappears from 
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the serosal fluid also. Most of the glucose retained in the gut wall is 
; ‘|. presumably metabolized, as was shown by Parsons et al. (1958). As a result 
. of the movement of glucose the final serosal concentration is greater than 
the final mucosal concentration in the first four sacs, i.e. in the terminology 
used there is a positive final concentration gradient. If the ratios of the 
} final concentrations are used as a comparison the final concentration ratio 


Taste 4. Fluid transfer and uptake by everted sacs made from different parts of the 
intestine. The figures are the average values with standard errors for 10 sacs (2 sets of five 
) experiments) made from each part of the intestine. The sacs are numbered from the 
| jejunal end 
Sac I Sac II Sac III Sae IV Sac V 

(ml. fluid/g initial wet wt. intestine) 

Mucosal transfer 1:03+0-10 1-214+0:12 1-554+0-11 1:07+0-12 0-96+0-10 
Serosal transfer 0-80+0-:10 0-82+0-09 1-:09+0-11 0-714+0-11 0-60+0-09 

Gut uptake 0:234+0-03 0:39+0-04 0:464+0-02 0-36+0-06 0-36+0-06 


TaBLE 5. Glucose transfer capacity of different parts of the intestine. The figures are the 
average values with standard errors (two sets of five experiments each) from different parts 
of the intestine. Transfers are expressed per gram initial wet wt. of intestine. The sacs are 
numbered from the jejunal end : 


Sac IT Sac III Sac IV Sac V 


nitial mucosal and serosal 500 500 500.—t. 500 500 
concen. (mg/100 ml.) 
inal mucosal conen. 350+7-°8 281+17 283417 408 +7 504+8 
(mg/100 ml.) : 
inal serosal concn. 492 + 25 §95+18 723 +27 495+ 41 155+ 16 
(mg/100 ml.) 
inal concn. gradient 141 + 26 314+ 26 441+37 87+47 — 349 + 20 
(mg/100 ml.) 3 

concn. ratio 1-41 + 0-07 2-19+0-15 2-67 + 0-20 1-23 +0-12 0-31+0-03 . 
pea glucose transfer 23-65 + 1-4 29-9+1-8 3-43 + 1-6 18-7+1-7 4:3+1-0 
mg/g) 

glucose transfer 4-0+0-7 5-8+0°7 10-1+1-2 3-8+1-0 —2-5+0-40 
(mg/g) 
ut glucose uptake (mig/g)  19-5+41-2 24-14+1-2 24-2+0-8 14:94+1-0 6-8 + 1-0 
fmelio concen, transferred 2492+272 2536 + 135 2243 + 63 1872+176 480+ 112 
mg/100 ml.) 


rosal concn. transferred 476477 713443 922 +43 4784138 —557+117 
is greater than unity in the first four sacs, and less than unity in the fifth 
sac. The changes in concentration in mucosal and serosal solutions will 
depend on the relative movements of fluid and glucose. In the first four 
sacs the concentration of glucose in the fluid leaving the mucosal side 
(mucosal concentration transferred) is much higher than the initial glucose 
|} concentration, and hence the final mucosal glucose concentration is lower 
than the initial concentration; in the fifth sac the concentration of glucose 
in the fluid leaving the mucosal side is lower than the initial concentration, 
and hence although some glucose leaves the mucosal side in the fifth sac 
the final concentration of glucose in the mucosal fluid is on the average 
slightly higher than the initial concentration, although not significantly so. 
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As regards the glucose concentration in the fluid transferred to the serosal 
side (serosal concentration transferred) only in sacs II and III was this 
higher than the initial glucose concentration, and hence in these sacs the 
final serosal glucose concentration is higher than the initial serosal glucose 
concentration. In the fifth sac fluid enters the sac contents while glucose 
leaves, and hence the serosal glucose concentration transferred appears 
as a negative quantity. Whatever criterion is used for transfer capacity of 
glucose, i.e. mucosal transfer, serosal transfer, final concentration gradient, 
final concentration ratio, final mucosal or serosal concentration, or gut 
uptake, sac III appears to be the most active, and sac V the least active. 
Sacs IT and IV occupy an intermediate position between sac III and 
sacs I and V, respectively. The statistical significance of the differences will 
be apparent from the standard errors of the means included in the table. 


TABLE 6. Mucosal transfer of fluid and glucose in different parts of intestine, expressed 
as a percentage of the values for sac III. The sacs are numbered from the jejunal end 
Sac I Sac IT Sac IIT Sac IV Sae V 


Mucosal fluid transfer 66 78 100 69 62 
Mucosal glucose transfer 69 87 100 54 13 


_ Astudy of Tables 4 and 5 indicates that although sac III has the greatest 
transfer capacity for both glucose and fluid and sac V the smallest, glucose 
and fluid transfers by no means run parallel. This is shown by comparing 
the relative transfer, taking the values for sac III as 100°, and these 
figures are given in Table 6, which shows that while mucosal glucose and 
fluid transfer run roughly parallel in the first three segments, the glucose 
transfer falls much more sharply in the last two than does fluid transfer. 


Fluid transfer in the absence of glucose 


These experiments were carried out in two sets of five exactly as 
described previously, except that no glucose was present: The results are 
shown in Table 7, which gives the average values for each fifth of the 
_ intestine from two sets of five experiments each. This shows that absence 
of glucose has a much greater effect on the jejunal end of the intestine than 
the ileal end. This is well seen by taking figures obtained in the absence 
of glucose and expressing them as a percentage of the figures obtained in 
the presence of glucose. The values obtained (starting from sac I) are 22, 
26, 34, 56 and 70%. The only possible conclusion seems to be that there 
are two different processes associated with water transfer, one dependent 
on the presence of glucose ; the other independent of it. By subtracting the 
values in the absence of glucose from those in the presence of glucose we 


can get values for the magnitude of water transfer dependent on glucose. 
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Figure 1 shows in diagrammatic form, the value of each of these types of 
mucosal transfer, and also the total mucosal transfer by different parts of 
the intestine. This diagram suggests that glucose dependent transfer is 
greatest at the jejunal end and declines towards the ileum, while glucose- 
independent transfer is very small in the jejunum and increases towards 
the ileum. The superior position of sac ITI in fluid transfer is probably due 
to the overlap of the two mechanisms in this part of the intestine. 


TaBLEe 7. Transfer of fluid by sacs of everted intestine in the absence of glucose. The 
figures are the average values with standard errors (two sets of five experiments each) 
from different parts of the intestine. Transfers are expressed per gram initial wet wt. of 
intestine. The sacs are numbered from the jejunal end 


{ Sac I Sac II Sac IIT Sac IV Sac V 
‘(ml./g initial wet wt. intestine) 
Mucosal fluid transfer 0-23+0-011 0-31+0-009 0-53+0-028 0-60+0-020 0-67+0-040 


Serosal fluid transfer 0-13+0-007 0:20+0-006 0:314+0-025 0-35+0-011 0-32+0-015 
Gut fluid uptake 0-10+0-007 0-12+0-008 0-22+0-005 0-25+0-006 0-35+0-012 


10 
0 ad +e 


| 
=, 
4 
| 
J 
| | | 
Sac | Sac It Sac Il! Sac 1V Sac V 


Fig. 1. Mucosal fluid transfer by different segments of the intestine. The three values 
are total fluid transfer (——), glucose dependent transfer (- - -) and glucose inde- 
pendent transfer (- - - - - ). The glucose dependent transfer is calculated from the 
differences between the values for transfer in the presence and absence of glucose, 
and full details of these with the standard errors are given in Tables 4 and 7. 
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DISCUSSION 


The results provide the most detailed information yet published of the 

activity of different parts of the rat intestine for glucose and water transfer. 
They include twelve different parameters of absorption expressed for five 
different intestinal regions. Although all these parameters are not inde- 
_ pendent, there is a strong case for taking all of them into account in 
investigating any problem of intestinal transfer in vitro, and we would 
suggest that data such as that included in Tables 4 and 5 should form an 
indispensable base line for studying any effects on intestinal transport 
in vitro. Failure to take any of these parameters into consideration might 
well result in fallacious deductions about the transfer capacity of the 
intestine. Possible sources of error are (1) the fact that mucosal transfer 
depends to a large extent on glucose metabolism as well as on glucose 
transfer, and hence metabolism will have a considerable effect on the final 
concentration gradient and final concentration ratio; (2) the fact that 
glucose and water transfer are related to different degrees in different parts 
of the intestine, and hence final concentrations may be influenced by either 
glucose or fluid transfer or a combination of both; and (3) the difference 
in transfer capacity in different regions and particularly the sharp change 
in passing from segment IV to segment V, with the consequent danger 
involved in using adjacent segments of intestine as controls in any par- 
ticular experiment. 

Perhaps the most interesting finding is the relation of water transfer to 
glucose transfer. Fisher (1955) showed that water transfer depended on 
the presence of glucose, and this result was confirmed by Smyth & Taylor 
(1957) and others. The present results show the importance of glucose in 
water transfer, but go further than this in demonstrating that the water 
transfer can be divided into two fractions, one glucose-dependent and one 
glucose-independent. The former appears to be more important in the 
upper part of the intestine, and the latter is certainly the more important 
in the lowest part of the ileum. Smyth & Taylor (1957) showed that 
glucose could not be replaced by a number of other substances, and this 
suggests that the energy for glucose-dependent transfer comes from 
reactions specific to glucose metabolism, and must therefore almost 
certainly be related either to glycolysis or to the hexose monophosphate 
shunt. Smyth & Taylor (1957) also found that fluoroacetate was not an 
effective inhibitor of fluid transfer, and, as Gilman & Koelle (1960) have 
pointed out, this is in favour of the energy utilized not bavliag from the 

citric acid cycle. 

In contrast to the glucose-dependent transfer it would seem probable 
that the glucose-independent transfer depends on energy from the citric 
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acid cycle. Preliminary experiments have in fact suggested that fluoro- 
acetate abolishes the glucose-independent transfer and this would be 
consistent with this hypothesis. 

The results are also of interest in relation to the concept of gradients 
of activity in the intestine. It is clear that there are marked regional 
differences in transfer capacity in the intestine, but there is not a regular 
variation in passing along the intestine. Glucose transfer is greatest in 
the middle fifth, and smallest in the last fifth. Total fluid transfer is also 
greatest in the middle fifth, but when the two types of fluid transfer are 
separated, the glucose-dependent is not very different in the upper three 
segments, but much smaller in the lowest segment, while the glucose- 
independent fluid transfer is certainly greatest in the lowest fifth and 
much smaller in the upper part of the intestine. The local regional dif- 
ferences in both glucose and fluid transfer could obviously be missed by 
studying long segments of intestine and indeed for this reason Fisher & 
Parsons (19496) thought that glucose transfer decreased along the 
intestine on approaching the ileo-caecal valve, and Smyth & Taylor (1957) 
drew a similar conclusion about water transfer. In both cases the long 
length of intestine used masked the local differences revealéd in the present 
experiments. It is of course also possible that if the intestine were divided 
up into still smaller lengths other local differences would be seen. Just as" 
this paper is being prepared for press the results of Clarkson & Rothstein 
(1960) have appeared, in which transport in four segments of intestine has 
been studied from a rather different point of view. Transport cannot be 
directly compared in the two sets of experiments, but our results are 
certainly compatible with those of Clarkson & Rothstein. 

Another result of some interest is the effect of delay in making the sacs, 
and this seems to be much less than might have been supposed. Fisher & 
Parsons (1949a@) stressed the importance of avoiding any delay in inter- 
rupting the oxygen supply of the tissues, and believed the success of the 
in vitro preparation depended on this. It is clear that with everted sacs 
the urgency of continuous oxygen supply is much less, and sacs remaining 
in unoxygenated saline for 24 min at room temperature do not lose their 
capacity to transport either glucose or water. S 


SUMMARY 
1. A technique is described for studying glucose and water transfer 


capacities of different parts of the intestine, so as to eliminate the factor 


of delay in making sacs from these different parts. 
2. The capacity of the rat intestine for transfer of glucose and water 
in vitro is expressed in 12 parameters for five different, parts of the 
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intestine. The capacity for glucose and water transfer varies in different 
regions of the intestine and the middle section is most active for both 
glucose and water transfer. Glucose and water transfer do not run parallel 
and the ileal end has very little capacity for glucose transfer, but con- 
siderable capacity for water transfer. 

3. The water transfer can be divided into two fractions, one glucose- 
dependent and one glucose-independent. The former is more important in 
the jejunum, the latter in the lower ileum, but there is a considerable 
overlap of the two water-transfer mechanisms in the middle part of the 
intestine. 

4. It is suggested that the energy for glucose-dependent transfer comes 
from either glycolysis or the hexose monophosphate shunt, while the 
energy for glucose-independent transfer comes from the citric acid cycle. 


We are grateful to Miss Judith Barker and Mr I. Thorneycroft for valuable technical 
assistance. We also wish to acknowledge financial support from John Wyeth and Brother 
Ltd. J.M. was in receipt of a Medical Research Council Training Scholarship. 
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RUBIDIUM AND CAESIUM ENTRY, AND CATION INTER- 
ACTION IN FROG SKELETAL MUSCLE 
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AND R. A. SJODIN* 
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When a muscle is exposed to a solution containing Rb or Cs ions there 
is a gradual replacement of its K by the foreign ion (Lubin & Schneider, 
1957; Sjodin, 1959). The aim of this paper is to present the kinetic results 
r for the interchange of Rb or Cs and K, using a model proposed to explain 
the observed dependence of K-for-K exchange on external concentration 
(Harris & Sjodin, 1961). By ‘interchange’ is meant the equivalent-for- 
equivalent replacement of an ion by a chemically unlike ion; this process 
can be followed by analytical methods. By ‘exchange’ is meant the 
f _ equivalent-for-equivalent replacement of an ion by a chemically identical 
ion; this can only be followed by the use of isotopically labelled material. 
, Net movement of a cation can take place either as a consequence of inter- 

change with a different cation, or along with a mobile anion. The model 
, used allows uptakes from K-free solutions and from mixtures to be treated 
consistently, Values for the relative exchangeabilities of K with itself and 
with Rb and Cs are obtained. | 


| METHODS 

The uptakes of 4*K or **Rb or ordinary Rb were measured, using the sartorii of Rana 
temporaria. The Cs results are taken in part from Sjodin (1959), who used Rana pipiens. The 
l tracer experiments were made by the technique described by Harris & Sjodin (1961); a series 
of readings of the radioactivity of the tissue was obtained after timed exposures to the 
yp radioactive solution. Before the measurements the muscles were blotted on filter paper 
moistened with an inactive solution chemically similar to the soak solution. At the end of 
each experiment the muscle was extracted overnight in dilute nitric acid and the extract 
used for analysis by flame photometry. In making most of the experiments depending on 
Rb or Cs analysis after timed exposure to a given solution, it was found convenient to apply 
a 1 min wash in Na methy] sulphate solution (0-11) at 0° C before extraction of the cations; 
this wash would remove much of the extracellular solution and so render less necessary a 
correction for the trapped Rb or Cs. 
j The analyses were made with a flame spectrophotometer using a prism monochromator, 
: Beckman oxy-hydrogen burner and a photomultiplier tube with sensitivity extending 

beyond 8500 A (E.M.I. type 9553B). It was confirmed that at the levels used the Rb-K 
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interference was negligible. There was, however, some K in the Rb salts; this amounted to 
1 part K to 50 Rb in the RbCl and 1 part K to 150 Rb in the Rb,CO,. The CsCl contained 
1 part K to 250 Cs. 

The experiments were started in solutions made up with mixtv.res of the alkali chlorides. 
These mixtures had [NaCl] = 80—4[RbCl]; [NaHCO,] = 30 mm; [KCl] and [RbCl] as 
stated and [CaCl,] = 2mm. Up to Rb concentrations of 40 m-equiv/l. provided the K con- 
centration did not exceed 5 m-equiv/l. there was little or no net gain of cation from the 
solutions; the sum (K + Rb) found after 4 hr immersion was between 75 and 97 m-equiv/kg, 
while the K content of fresh muscles was 75-85 m-equiv/kg. Hence in these cases it is 
justifiable to regard the Rb+ (and labelled K+) entry as occurring mainly in exchange for 
the muscle K+. This was not so when 80 m-equiv Rb/l. was used, for then the (Rb+K) 
increased to about 130 m-equiv/kg tissue, presumably on account of entry of RbCl (and KC] 
when K was present). For this reason the later Rb experiments were all made in eas free 
mixtures of RbHCO, and K and Na methyl sulphates (NaMeSO,). These had 


[K+Rb+Na] = 115 m-equiv/l., [HCO,] = 20 m-equiv/l. 


or equal to [Rb] when [Rb] exceeded 20; [methyl sulphate] = 115—[HCO,] m-equiv/l.; 
[Ca acetate] = 2mm. The use of high concentrations of RbHCO, equilibrated with 95% 
0,+5% CO, led to high pH (8-3 when RbHCO, = 80 mm) but the K exchange results 
already described (Harris & Sjodin, 1961) show that in alternative solutions containing 


either high or normal [HCO,] the K exchange follows the same course. This is the case _ 


despite the precipitation of calcium in the high bicarbonate solution. Confirmation that 
pH and Ca have little effect on the Rb entry was obtained by comparing the results obtained 
in the two kinds of solution, namely with and without Cl. The caesium salt solutions were 
made from mixtures of CsCl or CsNO, with Na salts and had [Cs+Na] = 120 m-equiv/l. 

Some measurements of the space accessible to the dye naphthol green were made at the 
same time as certain analytical experiments by adding 0-5 % of the dye to the solution. The 
muscle extracts were then made for 30 min in distilled water without added acid and the dye 
contents were read on a.colorimeter. The extracts were then returned to the vessels con- 
taining the muscles and a drop of nitric acid added to assist cation release. The space 
measured in relatively fresh muscles (up to 30 min in isolation) was 0-11 + 0-02 ml./g (s.v. 
for 11 results); after longer isolation values tended to be higher, for example, 0-14 ml./g 
after 2 hr. 


RESULTS 
Method of presentation 


Piaaletion of the cations into the cell is assumed to occur ahaa an 
outer compartment which has ion-exchange properties (Harris & Sjodin, 
1961). In the absence of net movement accompanying chloride ions, the 
cations only move by exchange diffusion (Ussing, 1949) against ions 
already adsorbed. The equilibration of the compartment bounded by the 
ion exchange region then occurs as if from a source having a time- 
dependent concentration of the new ions deriving from the solution. 
Suppose a constant concentration [Rb], is applied to the ion exchanger 
and no appreciable external concentration of the desorbed K_ ions is 
allowed to build up (by use of a large volume of solution) the equation 
governing the rate of exchange of adsorbed ions is 


dRb,/dt = ky,[Rb],(N-Rb,). (1) 
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Here Rb, denotes the activity of the adsorbed Rb per unit mass of tissue 
and N is the total activity of sites able to hold Rb ions, so (N-Rb,) is the 
activity of the still unexchanged K ions in the adsorption region. kp, is 
the rate coefficient for Rb-K interchange. 
The integral form of this equation for the condition that Rb, = 0 at 
t= 
Rb,/N = {1—exp (—kg,[Rb],t)} (2) 


in which N can be replaced by Rb, (¢ = 00) or by K, (¢ = 0), provided that 
eventually all the adsorbed K is replaceable by Rb. This is an exponential 
process of build-up within the outer region with a rate constant equal to 
ky»[Rb],, that is, proportional to [Rb],. If, next, the outer region be 
regarded as the source from which diffusion into the cell interior occurs and 
provided the disturbance of the exponential process due to passage of ions 
from the cell interior is negligible, one can compare the course of the 
uptake into the cell interior with that of the appropriate diffusion process. 
When the rate constant (8) of equilibration of the source (the outer region) 
is so low that the quotient a?8/D < 1, a being the radius of a cylindrical 
object or the half thickness of a sheet and D the internal diffusivity, then 
the shape of the object and the values of a and D become unimportant 


‘(Harris & Sjodin, 1961) and the fractional equilibration of the interior 


depends almost entirely on the value of ft. Since on our assumptions the 
rate constant f is identified with k,,,[Rb], we should find Rb uptakes from 
all K-free Rb solutions falling on a single curve when plotted against [Rb],¢ 
or a function of this product. The omission of the factor kp, from the 
function used as abscissa corresponds to multiplication of the derivative of 
the uptake with respect to the abscissa by the appropriate function of kp. 


Rb uptakes in absence of external K 
The amounts of Rb measured in the tracer experiments include the 


_ extracellular Rb, since no wash was given before taking the readings. 


Before plotting these quantities or those found by analysis of muscles 
which had not been washed a standard deduction of the Rb calculated to 
be held in an extracellular space of 0-1 ml./g was made. This correction was 
probably somewhat too small, particularly after long immersions. Ana- 
lytical results obtained after a 1 min wash in a Rb-free solution were 
plotted directly. The abscissa against which the uptake was plotted was 
chosen to be ([Rb],¢)*. Figure 1 shows that the results obtained over the 
range of concentrations 2-5-100 m-equiv Rb/l. fall along a single line; the 
part from 8 to 40 m-equiv Rb/kg tissue is nearly straight. The curve for 
Rb/K interchange is less steep than the corresponding one for K—K 


exchange, which is also indicated on the figure. The slope of the Rb-uptake 
19-2 
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curve is 0-42 times that of the K-exchange curve. This corresponds to the 


coefficient &,.,, being (0-42)? = 0-2 times the coefficient k_ for K exchange. — 


The effect of temperature on Rb uptake was estimated by comparing the 
values of the product (concentration x time) required to give a particular 
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(Concn. in m-equiv/I. x time in minutes)? 


Fig. 1. (K) The line relating K exchanges at 20° C to ([K], x time in min)? with an 
indication of the experimental scatter (from Harris & Sjodin, 1961, Fig. 3). 

(Rb) The experimental observations described in this paper of the Rb uptakes 
from various Rb concentrations plotted against ({Rb], x time in min)?. Points for 
Cl-free mixtures using analytical method; © 5, @ 10, @ 20, @& 40, @ 80, 
© 100 m-equiv Rb/l. Points obtained in Cl mixtures using tracer method; © 2-5, 
@ 20 m-equiv Rb/l. Points obtained in Cl mixtures using tracer method applied to 
muscles pre-loaded with ordinary Rb; +5, x 20 m-equiv Rb/1. Values are corrected 
when necessary for the Rb in a space equal to 0-1 ml/g. 

(Cs) Experimental observations of Cs uptakes from various Cs concentrations 
plotted against ([Cs], x time in min)t. Points for Cl mixtures using tracer method ; 
© 2-5, @ 5m-equiv Cs/l. Points for Cl-free mixtures (using CsNO,) obtained 
analytically; @ 20, © 100 m-equiv Call. 


uptake at 0° C with the value interpolated from the 20° C curve. The ratio 
_ so found was 3-4:1 (from 9 readings at 0° C); this according to our model 

represents the ratio of the value of kp, at 20°C to that at 0°C. In the 
K exchange the ratio of the values of ky at the two veniperstnres was 
3°3:1 (Harris & Sjodin, 1961). 
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The question arose whether the Rb-Rb exchange might differ in rate 
from the Rb-K interchange: this was tested by preparing muscles by 
overnight immersion in a 100mm-RbCl mixture before following the 
uptakes of labelled Rb. The muscles contained about 85 m-equiv Rb/kg 
and 10 m-equiv K/kg. The results of these experiments fall on the same 
line (the points are distinguished in the figure) showing that-the Rb+—-Rbt 
exchange occurs at practically the same rate as the Rb+—K* interchange. 
In both Rb+t—K* and Rbt-—Rb*+ exchanges the postulated outer region 
becomes occupied by Rb* because in each case the solution contains monty 
Rb ions. 


The Rb uptake results did not show any regular difference between Cl-containing and 
Cl-free media. This suggests that there is little associated net movement of Rb+ with Cl- 
into the muscle even from raised RbCl concentrations, since this would have led to the 
observed uptakes for Cl mixtures exceeding the comparable ones from Cl-free media. The 
point was tested by comparing the analysis of a muscle soaked for 64 min in 


100 90 mu-NaCl+ 20 mm-NaHCO, 
with that of the paired muscle soaked for the same time in a mixture of 
100 mm-RbHCO, + 20 mm-NaMeSQ,. 


The total [Rb+K] in the muscle from the Cl mixture was 112 m-equiv/kg, that from the 
Cl-free mixture was 104 m-equiv/kg, so here only an extra 8 m-equiv Rb/kg was gained. In 
the comparable case with 100 mm-KCl present net gains of 35-48 m-equiv K/kg tissue were 
found. That there is some entry of RbCl from mixtures containing high concentrations of the 


' salt can also be shown by following the swelling which occurs when water accompanies the 


RbCl into the tissue from a mixture having Rb replacing equivalent Na. The time course of 
swelling of a muscle in 100 mm-RbCl+ 20 mm-NaHCO,-+ 2 mm-CaCl, is shown in Fig. 2. 
A few points from the swelling curve found in a similar mixture but with 100 mm-KCl are 
indicated (from Harris & Sjodin, 1961, Fig. 5). The results confirm that the water movement 
and, by inference, the RbCl movement, is slower than when KCl is used. The slope of the 
line in KCl solution is to that in RbCl solution as 4-5 to 1; to reach the same degree of 
swelling the muscle in RbCl mixture has to be given (4°5)* = 20 times as long as the one in 
the KCl mixture. The swelling in a caesium mixture was insignificant in 3 hr. This shows that 
there is a still greater disparity between the rates of net movement of the respective salts 
than exists between the rates of the cation exchanges. 


Some points for Cs uptakes from solutions having different concentrations 
are plotted in Fig. 1. Like the Rb results these were obtained alternatively 
by tracer and analytical methods. The slope of the Cs—K curve is about 
0-20 times that of the K exchange curve, which corresponds to ky, being 
(0-20)? = 0-04 times ky. 


Effect of net Rb gain on Rb uptake — 

The experiments made in RbCl solutions showed that net gain of the 
salt was slight. In order to obtain appreciable changes of total content of 
(K+Rb), use was made of muscles which had first been K-depleted by 
storage for 48 hr in a K-free solution at 4° C. This procedure follows that 
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used for obtaining a net K gain and has also been applied by Libin & 
Schneider (1957) to Rb and Cs uptakes. The point of the present experi- 
ments was to find out how the uptake of Rb occurring when the muscle 
Na content falls compares with the amount of Rb normally exchanging 
for K. The results obtained after various times of exposure to a mixture 
containing (in m-equiv/I.) [Rb] = 10, [Na] = 105, [methyl sulphate] = 95, 


18 


al weight) 
o 


Weight increase (% origin 
fee] 


5 10 15 
(Time in minutes)? 


Fig. 2. O, the swelling of a muscle at 20° C in a mixture having (mm): RbCl 100, 
NaHCO, 20, CaCl, 2. A few points (@) from the corresponding experiment in a KCl 
mixture are taken from Harris & Sjodin (1961, Fig. 5). 


TaBLE 1. The contents of Rb, K and Na found in muscles after soaking in a solution at 

20° C with 10 m-equiv Rb/l. and 105 m-equiv Na/l., using K-depleted muscles and fresh 

muscles. A control K-depleted muscle had K = 38-3, Na = 70-4,sum = 108-7 m-equiv/kg. 

Mean of 5 fresh muscles K = 76-1, Na = 26-4, total 102-5+ 5-2 (s.p.) m-equiv/kg 

1 2 3 4 5 6 7 8 9 10 
Using K-depleted muscles Using fresh muscles 


Contents (m-equiv/kg) after 1 min wash in Rb-free soln 


Means from 3—5 analyses + s.D. 


‘ 


(min) (10¢)+ Rb K - Na Total Rb K Na Total 
50 22-4 16-4 44-5 45-2 106-1 — 
62 24-9 21:3 28-9 59-2 109-4 6840-7 66-5 32-2 105-5 

121 34:8 33 36-8 37:7 107-5 10:340°7 65:3 29-5 105-1 
195 44-4 39-4 18:8 56-3 1145 15:7+2-3 58-0 27-9 101-6 
244 34-9 42-0 40-8 117-7 18:0+1-7 52-9 32:1 103-0 
250 50 34-0 35-3 46-6 115-9 

328 57-2 42-0 22-5 62-1 126-6 188+1-7 55:5 35-0 109-3 
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[HCO,] = 20, and 2 mm-Ca acetate are given in Table 1 (col. 3); the Rb 
uptakes are much greater than usual (col. 7). This shows that there can be 
a relatively rapid entry of Rb linked with Na extrusion in addition to the 
Rb-K interchange. 


Rb uptakes from mixtures of Rb and K 


— Itis necessary to find out whether the tissue as a whole has any selectivity 
between K and Rb ions, because this determines the equilibrium levels to 
which the two ions tend when presented in a mixture. Selectivity within 


the outer region may be present but its analytical demonstration has not — 


been possible. Lubin & Schneider (1957), using 5 m-equiv/l. of each of Rb 
and K, found that the Rb content of muscles exposed for 2 days at 25° C 
was slightly (8 m-equiv/kg cell water) in excess of the K content, while the 
disproportion in favour of Rb after 3 days was as much as 25 m-equiv/kg 
water. However, these authors further showed that when loss of K and Rb 
occurred from a muscle previously loaded with Rb it was the K which 
tended to escape faster. Since their muscles after 3 days loading contained 
considerably (35 m-equiv/kg cell water) more Na than at 2 days it is likely 
that some escape of K and Rb in exchange for Na had taken place. The 
faster movement of the K would then lead to an increase in the ratio 
Rb:K within the cell. It seems important to choose conditions, if this be 
possible, to avoid loss of K or Rb against Na in equilibration experiments. 
A further disturbing factor would be introduced if chloride were present, 
on account of the faster rate of KCl movement compared with that of 
RbCl (as illustrated in Fig. 2). We made our equilibration experiments in 
media having only non-penetrating anions (HCO, and methyl sulphate) 
present. In making the trials the muscles were frequently transferred to 


_ fresh portions of soaking solution to remove the K which had emerged from — 


the cells and to discourage bacterial growth. 

‘The cation contents of muscles which had been exposed for 16-48 hr to 
various mixtures of K, Rb and Na salts were determined after a preliminary 
1 min wash in a cold methyl sulphate solution. The ratio [Rb]:[Rb + K] in 
the tissue was found to tend towards, but not to attain, the ratio pertaining 
in the solution (Table 2). 


It is possible that the failure to reach equality of Rb:K ratios inside and | 


outside the cell in the mixtures of Rb and K has its explanation in the 
same phenomenon as is encountered when attempting to exchange muscle 
K with labelled K. Long exposure of the isolated tissue leads to break- 
down of the sodium exclusion. Once Na can enter and displace the 


internal K, the external ion, be it labelled K or Rb, meets additional com- _ 


petition for entry into the sites of the ion exchanger. Such interference has 
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been demonstrated using muscles which had been loaded with excess KC] 
(Harris & Sjodin, 1961, Fig. 9). 

We shall proceed on the basis that there is no important difference 
between the final Rb—K distribution inside and outside the cell although 
the results in Table 2 only extend to about 85 % equilibration. It does not 
follow that the activity coefficients of K and Rb are equal within the 
ion exchanger, because the effect of localized concentration differences 
would not be seen in the gross analysis. A model system in which activity 


Tasix 2. The ratio [Rb]:[Rb+K] found for the cell cations after long exposures to media of 
given compositions at 20° C. The anions present were bicarbonate and methyl! sulphate 


Solution composition Total 
(m-equiv/l1.) Time of Ratio: [Rb]:[Rb+K] Rb+K 
Rb K Na (hr) In soln. In tissue In tissue 
1 10 10 100 21 0-50 0-39 75:2 
2 20 20 80 21 0-50 0-41 87-7 
3 20 20 80 27 0-50 0-44 87-0 
4 40 40 40 21 0-50 0-43 100-1 
5 49 53 23 22 0-48 0-41* 103* 
6 50 50 20 18 0-50 0-43 92-3 
7 60 55 1-5 21 0-52 0-44* 103-5* 
Pre-treated 
then 
8 49 53 23 17 0-50 105+ 
9 42 11 70 19 0-79 0-66 8 
10 42 ll 70 26 0:79 0-67 82 
ll 42 11 70 48 0-79 0-75 100 


* mean of 4; + mean of 3. 


differences within the ion exchanger do lead to concentration ratios within 
the exchanger differing from those in the external media has been found 
_ (Sjodin, unpublished). However in the formulation of the exchange kinetics 
it is the activities of the ions in the exchanger which are important, they are 
respectively equal to the products of adsorbed concentration and local 
activity coefficient. Within the exchanger the respective activities must be 
proportional to the appropriate applied concentrations, since in solution 
the activity coefficients of K and Rb are similar; this must in turn lead 
eventually to the internal Rb:K ratio becoming equal to that outside 
when intracellular activity coefficients of the two ions are similar. 

The rate of build up of the adsorbed Rb, in presence of K, can be written 


— [Rb],(N —Rb,) (3) 


where the quantities K, = (V- Rb,) and Rb, are the activities in the 
adsorption region. The second term on the right gives the rate of displace- 
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ment of absorbed Rb by external K. For constant [Rb], and [K], applied 
at ¢ = 0 one has 


Rb, Rb 


Comparing this with the equations (Harris & Sjodin, 1961, eqn. (2); this 
paper eqn. (2)) for build-up of either labelled K or Rb in absence of the 
other ion, we see that the final concentration is reduced in the ratio 
[Rb],:([Rb],+[K],) and that the rate constant for the build-up is 


4or- 
Rb+K 
2 30 
5 
£ 
2 
§ 
a. 
5 
x 


[X]e + [Ke 


20 60 80 100 
(Total. concn. in m-equiv/I. x time in minutes)? 
Fig. 3. Uptakes of Rb or Cs at 20° C from mixtures with K. Ordinates are content 
(m-equiv/kg) x ({X], +[K],)/[X], and abscissae are {([X],+[K],) ##, where X stands 
for Rb or Cs, Mixtures and methods used: (Rb) (tracer method), ® 2 Rb+ 100K; 
@ 2:5 Rb+5 K: (analytical method), @ 5 Rb+10 K; © 10 Rb+10 K; 
O 20 Rb+5 K; @ 40 Rb+5 K; (Cs) (tracer method), © 10 Cs+10 K; 
@ 10 Cs+20 K; (analytica! method), © 50 Cs+50 K. The numbers indicate 
m-equiv/l. 
ki, ((K],+[Rb],.) instead of k,[K], or kp,[Rb],. At a given value of 
([Rb], + [K],) t, say V, the Rb content which is observed will then be only 
[Rb],/([Rb], + [K],) of the content observed in absence of the external K 


at [Rb],¢ = V. To express the Rb uptakes from mixtures in a way consistent 


with the method used for the ions separately the uptakes are multiplied by 


([Rb], +[K],)/[Rb], and the products plotted against {([K],+ [Rb}.) in- 
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stead of ({K],¢)? or ([Rb],¢)* (Fig. 3). For a series of different mixtures of 
K and Rb this procedure leads to a curve which is the same within experi- 
mental variability as the curve obtained for Rb uptakes alone (Fig. 1). The 
slope of the linear part of the curve is a measure of the square-root of the 
Rb exchange coefficient, k},,. The result can be used in reverse to calculate 
the Rb content of a muscle which has been exposed to a given K+Rb 
mixture for a given time. 


Cs uptakes from mixtures of Cs and K 
Measurements of the Cs content of muscles after various exposures to 
mixtures of Cs and K have been plotted in Fig. 3 in the same way as that 
described for the Rb uptakes from mixtures. The quantity 


{Cs uptake x ([Cs], + [K],)/[Cs].} 


is related to {([Cs],+[K],) #}? in the same way as the Cs uptake from a 
K-free solution is related to ([Cs], x t)?. 


Rb and Cs uptakes from mixtures 
When both Rb and Cs are presented to the tissue the two ions enter the 
outer region and mutual displacements of one by the other can occur. 
If, however, one considers the sum (Rb, + Cs,), the mutual displacements 


do not matter and only the displacement of the original K is of importance. 
For the equilibration of the adsorbed ions one has | 


d(Rb, + Cs,)/dt + (NV — (Rb, +Cs,)). (5) 


Comparing this with equation (2) for build-up of adsorbed Rb one sees 
that the sum (Rb,+Cs,) can be regarded as equivalent to Rb, provided 
that the sum ([Rb], + [Cs],) is used instead of [Rb],. The rate of 


so that 


diffusion of the mixture into the cells can then be predicted from the — 


Rb exchange curve. 

In the test of this point shown in Table 3 analyses were made after 
various exposures to a mixture of 50 m-equiv/l. of both Rb and Cs at 
20° C. The usual correction for extracellular ions was applied. Since the 
uptake curves of Fig. 1 lead to the ratio ka,:kp, = 0-04:0-2 = 0-2 the 
mixture should give uptakes equal to those from 60 m-equiv Rb/I., and 
this is approximately the case. The analyses show that the tissue takes up 
about 1-5 times as much Rb as Cs. That the disproportion is not as great as 
that between the exchange coefficients demonstrates the apeeennce of 
interaction between the ions. 
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Tasie 3. Comparisons between observed sums of Rb + Cs uptakes from 50 m-equiv/l. each 
of Rb and Cs at given times and values predicted from the Rb curve (Fig. 1). 50 m-equiv 
Cs/l. is taken from the results of Fig. 1 as equivalent to 10 m-equiv Rb/l. The analyses are 
means of 3 results and have s.p. about +2 u. 


Cations in tissue 


(m-equiv/kg) Value predicted from 
Time Rb exchange curve 
(min) (60t)! Rb Cs Sum (m-equiv/kg) 

10 24°5 5-3 2°5 78 8-3 

25 38-7 8-2 5-7 13-9 14:8 

60 60-0 13-7 10-2 23-9 24-0 
100 77:4 18-1 9-8 27-9 31-6 


Uptakes of labelled K in presence of Rb or Cs 

At first sight it might seem that a simple solution would apply to the 
problem of labelled K uptakes from mixtures. However, this is not the 
case because there are three components in the system, namely ordinary K, 
labelled K and Rb (or Cs). The labelled K finds its way into a gradually 
diminishing reservoir of K and also encounters Rb (or Cs) ions in its passage. 

Some K uptakes were measured by using muscles which had first been 
loaded overnight with Rb. Into these the K movement followed the Rb. 
curve of Fig. 1, showing that the interchange coefficient kp, determines the 
rate whichever way round the experiment is performed. Using this one 
can approach the K uptake from K + Rb mixtures by writing the equation 


for equilibration of the outer region 


/dt = k'[K]*(N —K*—Rb,)— kp, [Rb], Kt (7) 


The second term on the right is the rate of loss by displacement of adsorbed 
K* by Rb and the Jast term is the rate of gain of labelled K by its displace- 
ment of adsorbed Rb. The equation cannot be integrated directly because 
it turns out that the K-K exchange coefficient in presence of Rb is a 
function of time, presumably because it depends on the Rb content of the 
outer region. Before proceeding evidence bearing on this will be given. 

' The course of uptake of labelled K from equal K concentrations with 
and without Rb present was compared without correction for extracellular 
ions. Figure 4; curves A and B, show that K uptake commences similarly 
from each solution. It is only after about 8 min when the tissue contains 
some 1-5 m-equiv K/kg that the curves diverge. At this time it can be 
calculated that the muscle in the Rb mixture contains just over'5 m-equiv 
Rb/kg. This quantity then gives an indication of how much tissue Rb is 
necessary for the K movement to be affected. The 1-5 m-equiv K/kg taken 
up exceeds by a factor of at least two the amount expected for extracellular 
material and the lag in Rb action cannot be attributed to its being delayed 
relative to the K in the extracellular space because in water both ions have 
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the same diffusivities. That the lag is really due to a requirement for a 
certain accumulation of Rb and is not a spurious effect stemming from 
extracellular K is further shown by the fact that exposure to Rb before 
the labelled K causes a perceptible reduction of even the earliest K uptake 
(Fig. 4, curve C). 


Labelled K content (m-equiv/kg) _ 
w 


10 20 30 
Time (minutes) 


Fig. 4. The early parts of labelled K uptakes at 20° C from (A) 5 m-equiv K/l., 
(B) 5 m-equiv K/l.+40 m-equiv Rb/l. applied at ¢ = 0, and (C) from the same. 
mixture as (B) but applied to a muscle pre-treated with 5 m-equiv K/1]. + 40 m-equiv 
Rb/l. for 75 min before transfer to the labelled K mixture. 


It was found that when experiments like that of Fig. 4B, in which the 
ratio of Rb:K applied was 4 or more, were treated in a way corresponding 
to that described for the Rb uptake from mixtures, by plotting the product 
of the labelled K content times + [Rb],)/[K], against {([K], +[Rb],)#}# 
the lines ran parallel to, but above, the standard Rb exchange line of 
Fig. 1. Arapid uptake of K at the beginning of the exposure was responsible 


for the upward displacement of the line, which took the longer to.become _ 


parallel to the Rb curve the lower was the Rb concentration applied. 
The kinetic results for labelled K uptakes were analysed and shown to 
fit the hypothesis that the exchange coefficient of K is ultimately reduced 
to equality to the K—Rb interchange coefficient kp; as the tissue Rb content 
increases. This was done in the following way. The actual uptake results 
for a number of mixtures was plotted (Fig. 5) and curves were computed 
by rough methods from the data for K and Rb movements already pre- 
sented with an assumption about the relation between k’ and the Rb 
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content of the tissue. If one integrates eqn. (7) over a short interval, so. 
that k’ can be taken as constant, the result is 


= {l—exp (—(k[K], + kp,[Rb],)t)} 


Rb], 


This is the difference between two mepobiniial build-ups, so that the 
consequence of diffusion from this source can be obtained by taking the 
difference between the respective diffusions from (lst term) a source of 
K reaching a final concentration N with rate constant (k’[K], + kp,[Rb],) 
and (2nd term) a source of K which reaches final concentration 


N{Rb]./[Rb], + [K}, 


with rate constant k,.,((K],+[Rb],). Both quantities can be obtained from 
the K exchange curves, which are a particular form of transform of the 
function describing the source concentratidn. The quantities over the 
abscissae {(k'/k) [K],+ (kp,/kx) [Rb],) correspond to the first term, 
while those over the abscissae {(k,,,/k) ([K], + [Rb],) ¢}# are reduced in the 
ratio [Rb],/([Rb], + [K],) for the second term. It was arbitrarily chosen to — 
make k’ = 0-8 ky for such time as was necessary for the tissue to gain 
6 m-equiv Rb/kg. This time was computed by the method used to plot 
Fig. 2 and values are listed in the legend of Fig. 5. In the interval between _ 
the tissue having 6 and 10 m-equiv Rb/kg the. value of k’ chosen was 
0-45 ky, and finally for tissue Rb in excess of 10 m-equiv/kg . was taken 
as equal to 

The rough method of calculation ener: that our results are consistent 
with the idea that the ease of K movement is progressively reduced to a 

final exchangeability equal to that of Rb as the tissue Rb content in- 
creases. If one had information about the quantity of Rb actually in the 
outer region, so that the law relating K exchange coefficient to the local 
Rb concentration was known, the problem could be applied to a computer. 

Uptakes of K in presence of a given Cs concentration are similar to, or 
slightly higher than those found in presence of comparable concentrations 
of Rb. Despite its rate of entry being less than Rb, the Cs did not in the 
times used in our experiments exert a greater hindrance than Rb. This 
could be because its slower movement keeps the Cs concentration in the — 
outer region at a level proportionately less than the Rb level. Two sets of 
the hy hareram points found in K+Cs mixtures have been shown on 
Fig. 5 | 
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3 


Labelled K (m-equiv/kg tissue) 
5 


100 150 200 250 300 
Time (min) : 

Fig. 5. Uptakes of labelled K at 20° C from mixtures with Rb or Cs corrected for 
the amount held in extracellular space equivalent to 0-1 ml./kg. The curves drawn 
have been computed according to the method described in the text which takes 
account of a reduction of the rate coefficient of K exchange as the tissue Rb content 
increases. The mean value of the coefficient, relative to that holding in Rb-free 
solution, was taken as 0-8 for Rb contents between 0 and 6 m-equiv/kg, 0-45 for Rb 
contents between 6 and 10 m-equiv/kg and 0-2 (the same as the Rb rate coefficient) 
for Rb contents exceeding 10 m-equiv/kg. The times at which the tissue Rb contents 
reached 6 and 10 m-equiv/kg were calculated _ using in reverse the method applied 
for plotting Fig. 2. 


No attempt to fit the results in the Cs mixtures was made, but it appears that 
@ similar pene would be applicable. 


Mixtures Time (min) for Rb content to be: 
K Rb Symbol 6 m-equiv/kg 10 m-equiv/kg 
(m-equiv/l.) 

46 21 © 39 91 
10 5 O 146 365 

5 2-5 291 730 

5 20 © 22 47 

5 40 © 10 22 

2-5 25 * 15 35 

5 80 ~ 5 11 

Cs 
10 5 

5 25 © 


50 
4 body 
It cs 
© serie 
4 relat 
© Cs 
dedi 
7 a di 
© exp] 
of tl 
q sites 
date 
inte 
men 
| app 
equi 
| ulti 
hi 
) & 
| | Na 
| the 
K 
mer 
| fron 
mu 
usin 
pro 
to } 
infh 
Na 
site: 


CATION INTERACTION 303 


DISCUSSION 


The nature of the results obtained has required their discussion in the 
_ body of this paper so here it is appropriate to refer to a few salient features. 
It can be said to be well known that K, Rb and Cs fall in a diminishing 
series of ease of penetration into muscle, and the figures derived from the 
relative exchange coefficients obtained by squaring the slopes of the linear 
parts of the curves in Fig. 1 are 1:0-2:0-04. It is suggestive that Rb and 
Cs not only compete with K but also reduce its exchangeability (as 
deduced earlier by Sjodin, 1959). Some such interaction, due in his view to 
a distortion of pore dimensions, has been proposed by Mullins (1956) to 
explain the action of ions which affect cell permeability. Our explanation 
of the effect rests rather on the greater adsorption of Rb and Cs on fixed 
sites along the channels through which the K must pass. 

The model we have consistently used in presenting the K, Rb and Cs 
data requires that the cells ‘outer region’, which may be the membrane 
and reticular complex, should have a cation-exchange property holding 
not more than 10 m-equiv of K or K-like ion/kg tissue. Although various 
authors (e.g. Ling, 1960) have used competitive adsorption as the basis for 
interpretation of the interaction between cations entering muscle (not to 
mention the many papers concerned with other kinds of cell), our present 
approach extends this by attributing as much importance to the rate of 
equilibration of the ion-exchange ngion as to the ionic composition 
ultimately attained there. 

In the results for exchange of muscle K, whether with labelled K (Harris 
& Sjodin, 1961) or with Rb, there has been no indication that the external 
Na concentration affects the process. On the other hand, the movement of 
the Na of high-Na muscles has been shown to be influenced by the external 
K concentration (Keynes, 1954; Edwards & Harris, 1957). That Na move- 
ment from high-Na muscle has an ion-exchange character may be inferred 
from the observation (Harris, 1950) that Na output to glucose solution is 
much slower than to an ion-containing medium. Keynes & Swan (1959), 
using media containing Li ions, have concluded that at least half the Na 
movement was an ion exchange. May we then regard the outer region 
proposed in our theory as accommodating both Na and K ions but in 
_ separate channels or on different sites? Since K movement is so insensitive 
to Na, it appears that the latter does not compete for the K sites, while the 
influence of K on Na movement, and the possibility of displacing muscle 
Na by K (Carey & Conway, 1954, Table 1) shows that K can occupy Na 
sites. It seems possible that the slowing of K movement by Rb ions may 
have the same mechanism as the acceleration of Na movement by K ions. 
In each case a group or line of ions may be involved and an essential inter- 
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change movement has a higher probability when a K ion is on a particular 
site than when either Rb or Na is present. That in some cells Na exchange 
may, in some instances, follow the same law as K and Rb exchanges follow 
in muscle, can be inferred from the curves for human erythrocytes given 
by Harris (1960, Figs. 5, 6). The slopes of the uptake curves plotted against 
(time)* are roughly in proportion to the square root of [Na] applied. 

The reduction that we find of the K exchangeability to the K—Rb value 
as the muscle Rb increases suggests that the adsorption sites in the outer 
region are present in sufficient depth to ensure that when 10 m-equiv 
Rb/kg has been reached there is at least one Rb ion in each pathway for 
K exchange. 

It is notable that no conditions were found in the present K + Rb experi- 
ments in which the labelled K content would rise through a maximum and 
fall subsequently as Rb entered. From the beginning the uptake from a 
mixture is constrained to proceed towards its eventual equilibrium level 
with equal (or nearly equal) internal and external Rb:K ratios. This is 
itself evidence that the Rb: K ratio in the outer region is established early 
in the process and thereafter controls the ratio of Rb to K entering the 
tissue. 

The impediment of K movement by Rb and Cs should have an effect on 
the electrical properties of the tissue. Since normally the Cl ion carries 
some % of the current (Hodgkin & Horowicz, 1959; Hutter & Noble, 1960) 
any change of the cation component of conductance will best be seen in 
absence of Cl (or other penetrating anions). A qualitative experiment in 
which the internal-external resistance of few fibres from each of a pair of 
muscles in solution containing respectively 3 mm-K or Rb with Na methyl 
sulphate showed that the values in the Rb solution were 2—4 times those 
in the K solution. Experiments now in progress indicate that the Cl 
exchange process follows the same pattern as that we have described for 
the cations. 


SUMMARY 


1. The uptakes of Rb and Cs by frog sartorius muscles have been 
measured and the interaction between K, Rb and Cs has been studied. 

2. The uptakes of Rb from various mixtures of Rb and Na salts and the 
uptakes of Cs from various mixtures of Cs and Na salts are made to fall 
along single curves for a given temperature by the expedient of plotting 
them against a function of (concentration x time of exposure). 

3. By choosing the square root of (concentration x time) as abscissa the 
respective uptake curves for Rb and Cs can be compared with that 
previously obtained for K exchange. 

4, The results are interpreted, using as model an interior compartment 
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fed from an outer region having ion-exchange properties. The relative 
exchangeabilities of K for K, Rb and Cs respectively are as 1:0-2:0-04. 

5. Uptakes of Rb or Cs from mixtures with K or with each other are 
shown to be consistent with the predictions from the model. The results 
can be fitted to the curves obtained for the single ions. 

6. Entry of Rb into previously K-depleted muscles so that Na is 
displaced by Rb is faster than the interchange of Rb with the muscle K. 

7. Uptake of labelled K from mixtures with Rb or Cs follows a course 
consistent with the hypothesis that when Rb or Cs has entered the ion- 
exchange region the K exchange is slowed down. In the case of Rb+K 
mixtures the K exchange ultimately falls to the same rate as holds for 
Rb-K interchange, but Cs takes longer to exert its full inhibitory effect. 
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THE EFFECT OF AGE ON THE FORMATION 
OF HISTAMINE IN THE RAT 
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During the last 3 days of pregnancy the rat foetus produces histamine 
at a high rate, about 80°% being formed in the liver (Kahlson, Rosengren 
& White, 1960). As the histamine-binding capacity of the foetal tissues 
is low, histamine diffuses freely into the surrounding fluid and is excreted 
by the mother. The maternal excretion of urinary histamine rises from 
about the 15th day of pregnancy, climbs to a peak in the last 1-2 days 
before term, and then falls abruptly (Kahlson, Rosengren & Westling, 
1958; West, 1960). ) 

We have studied in detail the histidine decarboxylase activity both of 
the rat foetus from the 13th day of pregnancy until term, and of rat tissues 
in early life. A preliminary communication of the results has been given 
to the Physiological Society (Telford & West, 1961a). 


METHODS 


Rate of Wistar strain weighing 150-250 g before pregnancy were used. They were fed 
on a cube diet (No. 41B, Associated London Flour Millers, Ltd.), allowed drinking water 
ad lab. and housed at 70+ 1° F (21° C). 

Each day from the 13th day after mating until term three or more rats were killed by 
decapitation, and the foetuses removed and pooled. Livers were dissected from some of the 
foetuses. The histidine decarboxylase activity and the histamine content of the foetus, 
foetal liver and foetus minus liver were then determined. On occasion, the stomach, 
intestines, lungs and kidneys were dissected from some of the foetuses and treated similarly. 
The enzyme activity and histamine content of tissues from new-born and maternal rats 
were also estimated. 

Measurement of histamine formation in vitro. The method of Waton (1956), slightly modi- 
fied as described in detail by Telford & West (19616), was used. Briefly, pooled tissue from 
freshly killed rats or foetuses was cleaned and weighed, and ground in a glass mortar with a 
little sand and Tyrode solution (5 ml./g tissue). The resulting homogenate was allowed to 
stand and the supernatant fluid was removed for incubation. The composition of the incuba- 
tion mixture was as follows: 


Tissue homogenate (400 mg) 2-0 ml. 
L-histidine (neutralized, 15 mg/ml.) 0-5 ml. 
Aminoguanidine (neutralized, 10 mg/ml.) 0-05 ml. | 
Benzene | 20 mg 
Phosphate buffer (0-05m-KH,PO,) 2-45 ml. 
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Histidine, the substrate, was always added last. Aminoguanidine was added to inhibit 
histaminase. The mixture was immediately shaken and incubated for 3 hr at 37° C. The 
reaction was stopped by reducing the pH of the solution to 4-0 with n-HCl and by cooling 
to 4°C. After the mixture had been neutralized with n-NaOH, its histamine content was 
determined. In each experiment mixtures with and without the substrate and mixtures 
containing boiled homogenate or no homogenate were incubated and assayed for histamine. 
Each incubation was performed in duplicate. The final volume of the mixtures was 5 ml. _ 
The mean histamine content of the mixtures incubated in the presence of histidine less the 
mean histamine content of mixtures incubated in the absence of histidine gave the amount of 
histamine formed from histidine. The amounts of histamine formed per gram of tissue and 
per tissue were used as indices of histidine decarboxylase activity. Each result is the mean of 
at least two experiments, 

Extraction of tissues for histamine. Each tissue was cleaned and weighed, cut into small 
pieces and extracted with 10% (w/v) trichloroacetic acid, 5 ml./g tissue, for 24 hr. Excess 
acid was removed by shaking the supernatant with 4 vol. of anaesthetic ether four times, 
the ethereal layers being discarded. After gentle heating to remove dissolved ether the 
aqueous residue was assayed for its histamine content. Each result is the mean of at least 


two experiments, 

Assay of histamine. Bioassays were performed on the isolated ileum of the guinea-pig. 
A 15 ml. bath of oxygenated atropinized Tyrode solution at 32° C was used. On occasion, 
extracts were also assayed on the blood pressure of an anaesthetized cat. The specificity 
of the responses was checked with mepyramine maleate. All values of histamine refer to 
the base. 


3 RESULTS 
Factors affecting histamine formation by rat foetal tissues 

The histidine decarboxylase activity of foetal tissues was tested at 
various pH values, as it had been found in a previous study (Telford 
& West, 19616) that the optimal pH value for this enzyme in the adult rat 
varies from tissue to tissue; in adult liver, for example, it is 8-0 whereas 
in pyloric stomach it is 7-0. The results of the present experiments show 
that for foetal tissues at all stages of pregnancy the optimal pH is 6-5. 
This is shown in Fig. 1, where the rates of formation of histamine by foetal 
and adult livers are compared at various pH values. 

The presence of benzene is essential for the detection of enzyme activity 
in the liver of the adult rat, but benzene does not increase the activity of 
the foetal liver (Table 1). Pyridoxal, which is considered to be a coenzyme 
of mammalian histidine decarboxylase (Blaschko, 1957; Rothschild & 
Schayer, 1958; Kahlson & Rosengren, 1959), also does not increase the 
activity even when amounts of up to 1 mg are added to the incubation 
mixture. | | 

Histamine formation in the rat foetus 

The histidine decarboxylase activity of the foetus and the foetal liver on 
each day of gestation from the 13th day until term is shown in Table 2. — 
When calculated per gram of tisstie, the activity increases rapidly to reach a 


peak on the 14th to 15th day of gestation and continues at a — rate 
2 


x 
i 
| 
| 
2 4 
} 
% 
t 
a} 
7 


308 J. M.TELFORD AND G. B. WEST 


throughout the remainder of pregnancy. When calculated per tissue, 
however, the peak occurs at birth after which there is a dramatic fall 
almost to zero (see Fig. 2 and Table 3); the values for foetal liver and foetus 
are similar and indicate that the liver is the major source of histamine 
production in the foetus. Furthermore, histidine decarboxylase activity 
has not been detected in the foetal stomach, intestines, lungs or kidney. 


100 = 


a 
T 


Histamine formation (ug/liver) 


6:0 65 7-0 75 8-0 8:5 9:0 

pH 
Fig. 1. Effect of pH on the rate of histamine formation in 3 hr in the liver of 
foetal (@—@®) and adult (O—0) rats. Foetuses used at 20th day of gestation. 


TaBLeE 1, Effect of benzene on the rate of histamine formation in the liver of 
foetal and adult rats. Incubation for 3 hr at optimal pH 


Histamine formed (yg/tissue) 
Incubation ‘Presence of Absence of 
pH benzene benzene 
Adult liver 8-0 72-1 1-7 
Foetal liver 6-5 65-4 66-8 


Histamine formation in the rat during early life 
The histidine decarboxylase activity of the liver of rats killed at varying 
times after birth was investigated to determine more precisely when the 
decrease in enzyme activity occurred. The results are plotted in Fig. 3 
and indicate that the enzyme activity, when calculated per tissue, decreases 
rapidly a few hours after birth and is almost zero by 48 hr. After 4 days 
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TaBuE 2. Effect of age on the rate of histamine formation in tissues of rat 
foetuses. Incubation for 3 hr at pH 6-5 | 


Foetus Foetal liver 

pregnancy pg/g pg/foetus a pgiliver 
13 : 10-0 1-4 1800-0 | 3°6 
14 13-6 4-4 2649-6 13-3 
15 32-7 13-8 1867-6 18-7 
16 32-6 17-6 931-8 16-8 
17 26-8 24-6 529-4 18-5 
18 18-7 30-4 458-5 22-9 
19 8-2 37°8 473-8 37-9 
20 ? 7:9 55-2 436-0 60-0 
21 8-0 68-8 446-9 84-9 


TasLE 3. Effect of age on the rate of histamine formation in tissues of young rats. 


Incubation for 3 hr at pH 6-5 
Young rat Liver 
birth pg/rat peg/liver 
1 3-1 29-0 95-0 20-9 
2 0 0 1-1 0-3 
3 0 0 2-0 0-6 
+ 0-2 14 2-2 0-7 


=) a 


Histamine formation (ug/rat and ug/liver) 


Birth 
Days of gestation ~ Days after birth 


Fig. 2. Effect of age on the rate of histamine formation in 3 hr in rat foetuses 
and young rats (O—O) and in the liver of rat foetuses and young rats (@—e). 
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activity returns but only when incubation proceeds at an alkaline pH and 
in the presence of benzene, adult values (72 yg/tissue) being reached after 
about 100 days. When the enzyme activity is calculated as histamine 
formed per gram of tissue, the adult level (10 »g/g) is reached at weaning 
time (about 21 days). 

Histidine decarboxylase activity has not been detected in the stomach. 
intestines, lungs or kidneys of young rats up to 10 days. Thereafter, 
activity is found in the pyloric stomach and adult values (9 pg/tissue or 
18 wg/g) are reached by about 30 days. © 


100 


Histamine formation (yg/liver) 


/ 
/ 
/ 
| 
1 2 10 100 
Birth Days after birth 


| Fig. 3. The amount of histamine formed in 3 hr in the liver of young rats. 


Histamine content of the rat foetus 


Many discrepancies exist in the figures reported for the histamine content 
of various foetal rat tissues. We have therefore examined litters on each 
day of pregnancy, pooling the tissues from members of each litter. The 


results are shown in Table 4 (columns 3 and 5). The histamine contents of © 


both the foetus and the foetal liver rise to a peak at about the 17th day 
of gestation and then markedly decrease. The histamine contents of the 
foetal liver are much higher than those previously reported. Up to the 
18th day of gestation the total histamine in the liver is similar to that in 
the foetus (Table 4, columns 6 and 7), but thereafter the histamine in 
the foetus continues to rise whilst that in the liver does not increase. 


ty 
‘ 
the 
om 
3 (T. 
a tin 
a ti 
L 
pre 
2 
75 
50 
Da 
25 
/ 
| 
th 
| fo 
4 
Or 
Ly - 
x 


AGH AND HISTAMINE FORMATION IN THE RAT 311 


Histamine content of the rat during early life 

After birth the histamine content of the young rat continues to rise but 
there is an abrupt fall in liver histamine during the first 48 hr after birth 
(Table 5, columns 6 and 7). This fall in liver histamine occurs at the same 
time as the dramatic decrease in the histamine-forming capacity of this 
tissue. 

TasBLE 4. Histamine content (ug/g) of tissues of rat foetuses. Estimates 
made after extraction with Tyrode solution or trichloroacetic acid 


Foetus Foetal liver 
Trichloro- Trichloro- Histamine (yg) 
Day of acetic acetic r A . 
pregnancy Tyrode acid Tyrode acid Foetus Foetal liver 
15 3-8 2°5 50 60 0-5 0-6 
16 5-0 6-2 68 50 1-5 1 | 
17 3-5 4-0 70 92 2-5 2-6 
18 4-0 4:5 47 66 3-3 3-3 
19 5-2 4-1 40 38 6-0 3-0 
20 41 36 32 21 9-1 3-1 
21 6-2 3-1 28 16 12-0 3-3 


TaBLE 5. Histamine content (ug/g) of tissues of young rate. Estimates made ~ 
after extraction with Tyrode solution or trichloroacetic acid 


Young rat Liver Histamine (ug) 
Day after Trichloro- Trichloro- Young 
birth Tyrode aceticacid Tyrode acetic acid rat Liver 
1 4-6 2-2 ll 12 102 2-6 
2 3:8 2-0 3 3 11-4 0-8 
3 2-0 2-9 2 3 17-4 0-8 
4 2-4 3-2 1 2 22-4 0-7 
Binding of newly-formed histamine — 


_ Estimates of histamine in homogenates of tissues made in Tyrode 
solution give the amounts of histamine not bound to tissue components, 
while those made in trichloroacetic acid give the total extractable hista- 
mine. These estimates are shown in Tables 4 and 5. The amounts of 
histamine extracted with Tyrode solution are in most cases similar to 
those extracted with trichloroacetic acid. This indicates, as Kahlson 
et al. (1960) have pointed out for a few foetal tissues, that the histamine 
formed in the foetus easily diffuses into the surrounding fluid and only a 
small proportion is retained by the tissues. Similarly, histamine is freely 
diffusible in the young rat during the first 4 days after birth. By contrast, 
in similar experiments with the skin of the adult female rat, only about 
one half of the tissue histamine is extracted with Tyrode solution. 
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DISCUSSION 


Kahlson and his colleagues (Kahlson et al. 1960) examined rat foetuses 
on the 19th, 20th and 21st days of gestation and found a high histidine 
decarboxylase activity in all tissues and particularly in the liver. These 
authors suggested that this activity is linked with the general processes of 
growth. The present study was initiated to test this hypothesis by esti- 
mating the enzyme activity both in the rat foetus throughout pregnancy 
and in the young rat. 

In the first place, the results show that the rat foetus is endowed with 
considerable histamine-forming capacity throughout the last 7 days of 
pregnancy. The enzyme activity, however, may be calculated in two 
ways. When calculated per unit weight (e.g. per gram) of tissue, histidine 
decarboxylase activity reaches its peak by the 15th day of gestation; 
it then declines slowly until birth and falls to extremely low values during 
the first 2 days of life. On the other hand, when calculated as the amount 
of histamine formed per tissue, the histamine-forming capacity is found 
to rise steadily throughout the latter third of pregnancy to reach its peak 
shortly after birth. As the weights of the foetal tissues are rapidly in- 
creasing throughout pregnancy and are always less than 1 g, calculation 
of enzyme activity per tissue gives a more physiological estimate of their 
histamine-forming capacity. 

Secondly, the results confirm that the liver is the major source of histi- 
dine decarboxylase in the rat foetus. As the foetal liver at no time con- 
tains more than a few micrograms of histamine, the amine may be formed 
by the liver to function elsewhere in the body. This hypothesis is supported 
by the findings that the histamine in the foetus is not bound to tissues and 
is easily extractable with Tyrode solution. During the latter third of 
pregnancy the newly-formed histamine is rapidly transferred to the mother 
and excreted. The increase in the histidine decarboxylase activity of the 
foetal liver begins at about the 14th day of pregnancy and results in an 
increase in the maternal excretion of histamine. Both the histamine forma- 
tion by the foetus and the histamine excretion by the mother reach a 
peak about term and then fall rapidly. The histamine excretion by the 
mother has already been shown to be directly related to the number of 
foetuses in the litter (Kahlson et al. 1958). 

The results also illustrate that the optimal conditions for determining 
the histidine decarboxylase activity in rat liver vary with the age of the 
rat. The enzyme in foetal liver, for example, requires an acid medium, 
whereas that in the adult liver requires an alkaline medium. Organic 
solvents such as benzene enhance the enzyme activity in the adult but 
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have no effect on that in the foetus. Thus, in the rat, there may be more 
than one enzyme capable of decarboxylating histidine. 
The histamine-forming capacity of the foetal liver, as determined in 


the present work, is many times higher than that reported by Kahlson 


et al. (1960), who used a tracer technique involving a smaller quantity 
of substrate. However, when calculated per tissue it is at no time much 
greater than that of the adult liver, considered by Telford & West (1961) 


to be the most potent source of histidine decarboxylase in the rat. Up 


to the 18th day of gestation it is considerably less than the adult value 


_ and only during the last 2 days of pregnancy is the adult value approached. 


Enzyme activity is undetectable in the foetal liver before the 13th day of 


gestation, and little activity is found in the liver of the young rat: in 
both cases, rapid growth is occurring. It seems, therefore, that histamine 


formation is not related to the process of growth. Furthermore, in the 
adult rapid growth has ceased, but the rate of histamine formation is high. 

Little is known concerning the physiological function of histamine 
formation in the rat. The foetus is capable of forming histamine at a 
fast rate and this readily diffuses into the maternal tissues. Histamine 
is an inhibitor of uterine movement in the rat, so the foetus may be 
producing the amine to help maintain a relatively quiescent uterus until 
term. The significance of the high rate of histamine formation in the 
rat foetus may become clearer when it is known how the process is 
initiated and what is responsible for its rapid decline just after birth. 
It would be interesting also to know the stimulus for the return of histi- 
dine decarboxylase activity in the young rat. 


SUMMARY 
1. Histamine formation in the rat foetus begins about the 13th day 
of gestation and is very high during the last 7 days of pregnancy. At 
birth a dramatic fall in histamine formation occurs, and little activity is 
detected 48 hr later. 
2. The site of histamine formation in the rat foetus is the liver. Other 


foetal tissues do not form histamine. 


3. The optimal pH for the estimation in vitro of histidine decarboxy- 
lase in the liver of the rat foetus is 6-5. About 4 days after birth the 
pH for optimal activity changes to 8-0, and traces of benzene are also 


needed. 


4. Up to the 18th day of gestation the liver contains most of the foetal 
histamine. Thereafter the histamine in the foetus increases but that in the 
liver does not. After birth the histamine in the liver rapidly decreases 
to a low level. | 
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5. The histamine-binding capacity of the tissues of rat foetuses and 
young rats is feeble, Tyrode solution —- as much histamine as 
trichloroacetic acid. 

6. The histamine-forming capacity of the rat foetus is less than that of 
the liver of the adult rat, except on the last 2 days of pregnancy. 
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f CHANGES IN CONDUCTION VELOCITY AND FIBRE SIZE 

PROXIMAL TO PERIPHERAL NERVE LESIONS 
By B. G. CRAGG anp P. K. THOMAS 

From the Department of Anatomy, University College London, and the 
: _ Academic Unit, Institute of Neurology, Queen Square, London, W.C.1 
(Received 3 February 1961) 
4 Our interest in the changes that occur proximal to peripheral nerve 
i: lesions was stimulated by the finding that conduction velocity may be 


reduced proximal to such lesions in man. This has been shown for com- 
: pression of the deep branch of the ulnar nerve in the hand (Ebeling, 
Gilliatt & Thomas, 1960), compression of the median nerve at the wrist 
(Thomas, 1960) and after suture of the median and ulnar nerves at the 
wrist following traumatic section (Gilliatt, 1961). 

Previous investigations in animals have yielded conflicting results. 
There have been a number of reports that conduction velocity in the 
_  ¢entral stump is reduced after peripheral nerve section. Acheson, Lee & 
Morrison (1942) severed the phrenic nerve distally in cats and found that 
conduction velocity was usually slower in the affected nerve than in the 
intact nerve after 1-3 weeks. Similarly, Gutmann & Holubéf (1951) 
reported that conduction velocity becomes progressively reduced in the 
central stump after section of the peroneal nerve in the rabbit. More 
recently Eccles, Krnjevié & Miledi (1959) and Kiraly & Krnjevi¢ (1959) 
showed that in various limb nerves of the cat conduction velocity was 
slowed proximal to sections performed 6-39 days previously. 

On the other hand, Sanders & Whitteridge (1946) found that when the 
peroneal nerve of the rabbit was crushed, conduction velocity was slightly 
increased proximal to the lesion between 56 and 123 days after operation, * 
and normal at later stages (456 and 486 days). Furthermore, Kiraly & 
4 Krnjevié (1959) reported that 40 days after the nerve to the lateral head 
of gastrocnemius of a cat had been crushed conduction velocity was only 
slightly less than normal. | | 

In an attempt to clarify the issue we have made observations on the 
peroneal nerve of the rabbit after a variety of lesions and have followed 
the changes in conduction velocity and nerve-fibre diameter occurring 
. proximal to the lesion between 7 and 446 days after operation. It seemed 
possible that the disparity between the results of previous investigators 
might be explained in terms of the different lesions inflicted and the varying 
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times after operation at which the observations had been made. Apart 
from the types of lesion made by previous workers, namely crushing and 
section, we have also examined the effects of section and immediate suture 
and those produced by applying a persistent constriction to the nerve. 
Gutmann & Sanders (1943) found that fibres in the central stump above 
a crush show a reduction in diameter for at least 130 days, but that at 
later stages (200-300 days) fibre size returns to normal, After severance 
and suture, although a similar initial diminution occurred, the subsequent 
increase was not seen, even as late as 346 days after suture. It therefore 
seemed possible that simple crushing might affect conduction velocity 
proximal to the lesion differently from severance and suture. Furthermore, 
different effects might also be produced by a persistent partial constriction 
applied to the nerve. Weiss & Hiscoe (1948) have shown that under such 
circumstances axoplasm accumulates in the fibres above the lesion be- 
cause of interference with its normal proximal-distal flow. 


METHODS 


The experiments were all performed on adult rabbits which were unselected with respect 
to sex, weight and breed. At a preliminary operation, carried out under sodium pento- 
‘barbitone (Nembutal, Abbott Laboratories, Ltd.) anaesthesia with full aseptic precautions, 
the lesions were made on the left peroneal nerve in the Jower part of the thigh approximately 
0-5 em above the point at which it passes beneath the lateral head of gastrocnemius. The 
opposite nerve was left untouched and used for control observations. 

Four types of lesion were made: simple crushing, section with avulsion of the peripheral 
stump, section and immediate suture, and ligature. The majority of the observations were 
made with simple crush lesions (fourteen animals), in which the nerve was crushed with 


smooth-tipped forceps for 10 sec. With this procedure degeneration of all myelinated fibres’ 


distal to the lesion occurs, but since continuity of the endoneurial tubes is preserved re- 
generation is rapid and complete (Gutmann, Guttmann, Medawar & Young, 1942). In eight 
animals the nerve was cut with scissors and the peripheral stump avulsed so that regeneration 
failed to occur and’a neuroma formed at the tip of the central stump. In six animals the 
nerve was cut and the ends united with a fibrin clot (Young & Medawar, 1940); under these 
circumstances, regeneration is less complete than after crushing, recovery of both fibre 
number and size in the peripheral stump being defective (Gutmann & Sanders, 1943). 
Finally, in three animals a steel wire ligature was tied around the nerve so as partially to 
constrict it and left in situ. This produces an initial crush lesion with degeneration of all 
the larger myelinated fibres distal to the lesion, only a few small myelinated fibres re- 
maining intact. Under these circumstances regeneration occurs, but fibre size distal to the 
ligature remains small (Weiss & Taylor, 1944; Duncan, 1948). 

Conduction velocity was measured in vivo under urethane anaesthesia (2-5 g/kg), after 
survival periods of 7-446 days. The peroneal nerve was carefully exposed and separated 
from the tibial trunk from the sciatic notch to the knee, and large skin flaps were raised to 
form the walls of a bath which was filled with liquid paraffin, The temperature of the rabbit 
was maintained by an electric blanket and warm liquid paraffin was added to the bath as 
necessary before each measurement of latency to keep the temperature measured beside the 
nerve trunk within 0°5°C of the initial temperature. The latter was within the range 
36-38° C and was made the same for both sides of each animal. 
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A pair of silver-wire electrodes with a separation of 3mm was placed on the distal end 
of the nerve just above the level of the lesion for stimulation. The proximal electrode of the 
pair delivered negative stimulus pulses of about 0-1 msec duration derived from an isolating 
transformer, and the amplitude of the pulse was set to elicit a maximal A fibre action po- 
tential at the first latency measurement and not altered subsequently during the experiment. 
The recording electrodes were placed at distances of 10-70 mm proximal to the stimulating 
electrodes and consisted of another pair of silver wires with a separation of 5 mm, connected 
through cathode followers to an amplifier with a high rejection ratio against in-phase 
signals. The clamps supporting the skin round the paraffin bath were earthed. 

After each measurement of latency a fine silk thread was tied firmly around the nerve 
trunk at the level of the more distal recording electrode, and the latter moved distally for the 
next measurement. At the end of the experiment the position of the stimulating cathode 
was similarly marked upon the nerve trunk, and the distances from the point of stimulation 
to each recording point were determined in situ with dividers after killing the animal with 
an overdose of Nembutal. 

Each oscilloscope trace contained a 10 ke/sec marker locked both to the time base and to 
the stimulator. The traces were photographed directly on paper without reduction. The 
latencies of three points were measured: the first point of inflexion of the A fibre action 
potential where a tangent drawn down the rising face of the deflexion met the base line, 
the point half way up the rising face, and the highest point above the base line. Since the 
stimulus was rigidly locked to the time base of the oscilloscope, the measurements of latency 
were made from the first time marker, as this was more precisely definable than the 
onset of the stimulus artifact. The latencies were plotted against conduction distances and 
a straight line drawn by eye as nearly as possible through the points, not including the 
origin. The velocity determined from the slope of this line was found to be within 1 % of 

“the velocity calculated by linear regression which was performed whenever the normal and 
operated nerves showed closely similar velocities. | 

After measurement of conduction. velocity, specimens of the peroneal nerve on both sides 
were taken for histological examination from the distal, middle and proximal portions of 
the length of nerve examined. The distal specimen was 1-2 cm above the level of the lesion 
and the proximal usually 6-7 cm above. Except in the neuroma experiments a specimen 
was also taken 1 cm below the lesion. The segments of nerve removed were attached to 
card frames and fixed in Flemming’s solution, embedded in paraffin wax and 5 uv transverse 
sections stained by the modified Weigert method described by Gutmann & Sanders (1943). 
In one animal the fixation was not adequate for satisfactory measurements to be made. 

Since conduction velocity was measured for the fastest fibres in the nerve trunk, the 
anatomical observations were confined to the largest fibres. The mean values for the outside 
diameter of the myelin sheath (total fibre diameter) and that for the inside diameter of the 
sheath (axon diameter) for the five largest fibres in each of four sections at each level were 
obtained by direct measurement at a magnification of x 1000 using an ocular micrometer. 
Except where specified, the means of the values obtained from the three levels on each side 
have been utilized, each mean thus being derived from 60 measurements. A more extensive 


- @xamination was not technically feasible in a nerve of this size, but the changes in fibre 


diameter are being further studied by a more detailed analysis performed on the nerve to 
the medial head of gastrocnemius (J. T. Aitken and P, K. Thomas, unpublished). In some 
nerves longitudinal sections were also taken for examination of the nodes of Ranvier. 

The results on the operated nerves, both for conduction velocity and fibre diameter, 
have been expressed as percentages of those from the unoperated side. A possible objection 
to the use of the unoperated nerve for control purposes is the report by Greenman (1913) 
that fibre diameter is reduced in the corresponding nerve of the opposite side after crush 
lesions of the peroneal nerve of the rat. The validity of this finding, however, has been 


questioned (Quilliam, 1958). 
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RESULTS 
Changes in conduction velocity 
When the three measurements of the latency of each action potential 
were compared, the latency of the point half way up the rising face of the 
spike was found to be more accurately proportional to conduction distance 
than the point of inflexion or the peak, which were less easily defined. 
Only results based on half-rise latencies will therefore be described, 


Normal Crush 


Fig. 1. Action potentials in a normal peroneal nerve and in the contralateral 
nerve crushed distally 140 days previously. Time marker, 10 kc/sec; conduction 
distances in mm beside the traces. Five superimposed traces at a repetition rate 
of 1/sec were recorded in each photograph. 


although, whenever the comparison of the velocities of the normal and 
damaged nerves was critical, it was verified that the other methods of 
measuring latency gave the same qualitative result. An example of the 
records obtained is shown in Fig. 1, where each photograph contains 
5 superimposed traces due to stimuli delivered at intervals of 1 sec. The 


4 hee 
an 
q 84: 
vel 
inv: 
4 mm 
mmi - 
54-0 
59:5 | 
} 
A 5 
| 24-0 
| 108 
nat 
acc 
| fow 
| and 
| N 
con; 
| the 


the lesion falls to less than 90%, of normal within 25-30 days. A further 
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_ positions of the onset of the stimulus artifact and the half rise point have 


been indicated, but the latencies plotted in Fig. 2 were measured from 
an arbitrary zero which was the first. peak of the marker on the trace 
(see Methods). The slope of the lines in Fig. 2 indicates a velocity of 
84-9 m/sec for the normal nerve and 70-3 m/sec for the crushed nerve, 
velocity in the latter being 83% of normal. The results will be expressed 
as @ proportional reduction in this way since in the thirty-three rabbits 
investigated, velocities in the normal peroneal nerves ranging from 44 to 
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Fig. 2. The latencies of the records shown in Fig. 1 plotted against conduction | 
distance. The normal nerve had a conduction velocity of 84-9 m/sec, the crushed 
nerve 70-3 m/sec. 


108 m/sec were encountered. In order to obtain some assessment of the 
natural variation between the two sides in a single animal and also the 


accuracy of the measuring procedure, the conduction velocities of the 


peroneal nerves were measured on both sides in two normal rabbits and — 
found to be 92-9 and 95-8 m/sec, differing by 3-1% in one rabbit, and 81-4 
and 83-7 m/sec, differing by 2-8 % in the other. 

Measurements of conduction velocity in the peroneal nerves of thirty-one 
rabbits with distal nerve injuries are plotted in Fig. 3. After crush, 
constriction, or section and suture injuries the conduction velocity above 
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reduction to about 80% of normal is reached after 50-100 days and 
maintained until nearly 150 days after injury. By 200 days most nerves 
recover normal velocities, and there is no further change in the subsequent 
240 days. Only two operated nerves showing a higher velocity than the 
control nerves have been encountered, one being 109 % of normal 273 days 
after a crush, and the other 108% of normal 347 days after suture. The 


B. G. CRAGG AND P. K. THOMAS 


changes in these last two animals are perhaps rather larger than should be 
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Fig. 3. The conduction velocity of the injured nerve expressed as a percentage 
of that of the control nerve plotted against survival times after the following 
injuries: crush O, constriction ©, section and suture +, neuroma @. The neuromas 
are plotted separately and, unlike the other injuries, show no recovery. 


expected to occur through natural variation and errors of measurement, 
but are not correlated with especially large axon or fibre diameter (see 
below), so that their significance is uncertain. 

It will be seen from Fig. 3 that the nerves that formed neuromas showed 
a greater reduction of conduction velocity than nerves subjected to other 
injuries. The velocities were only 60-70% of normal 200-400 days after 
the injury, and the trend does not suggest that recovery would ever occur. 
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Changes in fibre diameter 

The changes in total fibre diameter (D) and axon diameter (d) forthe | 

different survival times are shown in Fig. 4. Each point is the mean of 

60 measurements. As an index of the alterations in the thickness of the 

myelin sheath relative to axon diameter, the changes in the ratio Did 

have also been plotted. This is the reciprocal of the ratio g introduced by 
Schmitt & Bear (1937). | 
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Fig. 4. A The total fibre diameter (D), B the axon diameter (d), and C the ratio 
(D/d) of the injured nerves expressed as percentages of the corresponding dimensions . 
of the control nerves plotted against survival times. Symbols as in Fig. 3. 


_ For survival periods of 7-150 days the changes are similar for all types 
of lesion, although the observations were predominantly obtained from 
crush and from section and suture experiments. During the period 7-50 
days axon diameter declines sharply (Fig. 4B), total fibre diameter be- 
coming diminished to a lesser extent (Fig. 44). The mean reduction in 
axon diameter over this period, as compared with the control nerves, is 
8:9 % and that for total fibre diameter is 5-3 %. The myelin sheath becomes 


thicker, showing a mean absolute increase, as compared with the control 
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nerves, of 5-9°%. Thus, with respect to the changes in total fibre diameter, 
the increase in myelin-sheath thickness partially compensates for the 
reduction in axon diameter. The increase in myelin thickness relative to 
axon diameter is evident in Fig. 4C. Between 50 and 150 days there is a 
mean reduction in axon diameter of 14-1 °% and in total fibre diameter of 
10-2%, compared to the control side. The mean value for the absolute 
thickness of the myelin sheath is 3-5 °/ greater in the operated nerves over 
this period. : 

For survival periods exceeding 150 days the results for the neuroma 
experiments differ from those for the other types of lesion. For the 
neuroma experiments, with survival times of 208-403 days, there is a 
mean reduction in axon diameter of 16-1°% and in total fibre diameter of 
15-0 %. The relative thickness of the myelin sheath (Fig. 4C’) is approxi- 
mately normal or perhaps a little increased. 

For the other lesions axon diameter and total fibre diameter increase, 
so that after 225 days there is little difference between the operated and 
unoperated nerves, although the fibres on the operated side remain, in 
general, slightly smaller. There is little difference between the crush, suture 
and ligature experiments except that fibre diameter for the two late 
survival suture experiments (308 and 346 days) is somewhat lower than that 
for the other two types of lesion. It is of interest that the constricted nerves 
showed the same reduction in diameter and subsequent recovery as after 
crush lesions. Evidently the increase in diameter of fibresimmediately above 
the lesion observed by Weiss & Hiscoe (1948) does not prevent the reduction 
in diameter that occurs higher in the nerve during this period after injury. 

The results were examined to determine whether there was any gradient 
of anatomical change in the operated nerve above the lesion. This was 
done by comparing the values from the proximal, intermediate and distal 
levels above the lesion for all experiments in which there was a diminution 
in total fibre diameter or axon diameter of 10° or more on the operated 
side as compared with the control nerve. There was no systematic change 
along the nerve between the three levels, and when the values were 
compared statistically none of the differences between levels was found to 
be significant at the 5% level of probability. 


The relationship between conduction velocity and fibre size 
Providing that it is legitimate to compound the results obtained from 
all four types of lesion, certain conclusions as to the relationships between 
conduction velocity and the histological dimensions can be derived. A clear 
relationship between conduction velocity and axon diameter emerges. 
Thus, during the period between 7 and 150 days after injury both con- 
duction velocity and axon diameter become reduced, whereas myelin 
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thickness is increased. Subsequently, except in the neuroma experiments, 
velocity, axon diameter and myelin thickness return to normal. Inthe later 
neuroma experiments velocity is further reduced and is associated with 


a reduction both of axon diameter and myelin thickness. 
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Fig. 5. The percentage difference in conduction velocity between the injured 
nerve and the control nerve plotted against the percentage difference (A) in total 
fibre diameter and (B) in axon diameter. 


There is an indication that conduction velocity may also show some 
correlation with myelin thickness. When the results for the neuroma 


experiments with long survival times (200-400 days) are compared with 


those for all types of lesion with shorter survival periods (50-150 days), it 
will be seen (Fig. 4) that axon diameter is only slightly less, whereas total 
fibre diameter is reduced to a greater extent because of the difference in 
myelin-sheath thickness. Yet conduction velocity is substantially less in 


the former (Fig. 3). The suggestion that conduction velocity may be related 
21-2 
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to the thickness of the myelin sheath as well as to axon diameter is sup- 
ported by Fig. 5, where the percentage change in conduction velocity has 
been plotted against the percentage change in total fibre diameter (Fig. 5 A) 
and axon diameter (Fig. 5B). The relationship with total fibre diameter 
is more nearly linear than that with axon diameter. 


The nodes of Ranvier — 


The nodes of Ranvier were examined in longitudinal sections stained 
by the Weigert method in eight nerves, all of which showed a reduction 
in total fibre diameter of between 8 and 18° as compared with the un- 
operated side. They comprised crush experiments 29, 56 and 102 days 
after injury, suture experiments 35 and 102 days after injury and neuroma 


experiments with survival times of 231, 350 and 403 days. The nerves were . 


examined at all three levels proximal to the lesion. No abnormal appear- 
ances were noticed. In particular, the nodal gap between adjacent myelin 
segments did not appear to be increased, as observed by Sanders (1948) 
in regenerating nerves below the lesion and by wT & Palmer (1952) 
during the early stages of degeneration. 


DISCUSSION 


The present results confirm the previous reporte: notably those of — 


Gutmann & Holubai (1951) and Kiraly & Krnjevi¢ (1959), that conduction 
velocity becomes progressively reduced in the central stump after peri- 
pheral nerve section if contact with the periphery is not re-established. 
Gutmann & Holub4f noted that the reduction was at first rapid and later 
more gradual. For lesions following which contact with the periphery is 
achieved, the situation is clearly different. An initial diminution in con- 
duction velocity is followed by a return to normal. We have been unable 
to confirm the finding of Sanders & Whitteridge (1946) that velocity is 
slightly increased between 56 and 123 days after such a lesion. 
Numerous observers have noted that fibre diameter in the central stump 
becomes reduced during regeneration (Greenman, 1913; Gutmann & 
Sanders, 1943; Weiss, Edds & Cavanaugh, 1945; Sanders & Young, 1946; 
Sanders, 1948; Gutmann & Holubéi, 1951; Eccles & McIntyre, 1953). 
These investigators confined their examination to distances not greater 


than 2 cm above the lesion, or did not specify the level of examination. 
The present observations demonstrate that the changes extend for at 


least 7-8 cm above the lesion, while in man (see introduction) they may 
extend for 40-50 cm, since conduction velocity is reduced even as/high as 
this above a lesion. It is evident that widespread changes are produced 
along a nerve fibre by an injury to its peripheral part. 
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it is presumed to be unaffected ; changes in internodal length are confined 
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The alterations in axon diameter and the thickness of the myelin sheath — 
above crush lesions have been studied by Sanders (1948), who also examined 
the peroneal nerve of the rabbit. Sanders found that there was at first no 
change in fibre diameter although axon diameter became diminished, the 
reduction being compensated by a thickening of the myelin sheath. 
Between 60 and 100 days after operation axon diameter continued to 
decline and this was also associated with a reduction in total fibre diameter. 
After 100 days axon diameter increased, myelin sheath thickness remaining 
unchanged until 200 days and then diminishing. Even at 300 days, 
however, by which time total fibre diameter was restored, the sheaths were 
still somewhat thicker than normal. The changes above crush and above 
section and suture lesions observed in the present study closely parallel 
those observed by Sanders, except that total fibre diameter tended to 
decline rather earlier than was suggested by Sanders. 

We have made an insufficient number of observations on neuroma 
experiments during the earlier period after operation (7-150 days) to. 
decide whether the changes in axon diameter and myelin thickness differ 
from those found after crush lesions. In the later neuroma experiments 
(200-400 days), axon diameter and myelin sheath thickness appear to be 
reduced to an approximately equal extent. This is in conflict with Gutmann 
& Holub&¥ (1951), who reported a relatively greater reduction in the thick- 
ness of the myelin sheath than in axon diameter after section of the 
peroneal nerve of the rabbit with survival times of this duration. This 
question is being further investigated (J. T. Aitken and. P. K. Thomas, 
unpublished). 

The present observations have shown that in this series of nerves 
conduction velocity is clearly correlated with axon diameter, and have 
suggested that it may also be influenced by myelin thickness. The question 
of the correlation between conduction velocity and the anatomical di- 
mensions of myelinated nerve fibres has been discussed in a previous 
paper (Cragg & Thomas, 1957). The theory of saltatory conduction leads 
to the expectation that conduction velocity will be equal to the internodal 
length divided by the transmission time, that is, the delay between the 
times at which adjacent nodes reach action potential threshold (see Tasaki, 
1953). However, it was shown that it is not possible to express conduction 
velocity directly in terms of the anatomical variables. Empirically, con- 
duction velocity has been found to be most closely correlated with fibre 
diameter (see Rushton, 1951; Cragg & Thomas, 1957), although Sanders & 
Whitteridge (1946) reported that in regenerating fibres velocity was more 
closely correlated with myelin thickness. 

In the present experiments, although internodal length was not examined 


~ 
r 
\- 
J 
> 
q 
Is 
| 
| 
A 
). 
y 
e 
‘ 


326 B. G. CRAGG AND P. K. THOMAS 


to a distance of a few millimetres above a localized lesion (Weiss & Hiscoe, 
1948; Lubinska, 1959). As far as can be ascertained from light-microscopy 
examination, the nodes of Ranviershow noalteration. However, differential 
changes in axon diameter and the thickness of the myelin sheath occur. 
Since the latency of activation of a nerve fibre increases as the strength 
of an applied electrical stimulus is decreased, a reduction in axorf diameter 
is likely to reduce conduction velocity by increasing the potential gradient 
from an active node to the following inactive node, as a result of an increase 
in the distributed resistance of the axon. On the other hand, an increase 
in myelin sheath thickness may produce an effect in the opposite direction 
by diminishing current leak across the sheath. 

The situation may well be more complex than this in that the changes in 
axon diameter and myelin-sheath thickness may be accompanied by changes 
in their electrical properties. Thus Kiraly & Krnjevi¢ (1959) have suggested 
that the absolute increase in the thickness of the myelin sheath above the 
lesion during the early stages of regeneration described by Sanders (1948) 
_ may be due to the uptake of water rather than simply to the formation of 

additional — This would be likely to reduce its capacitance. 


SUMMARY 

1. Conduction velocity, axon diameter and total fibre diameter have 
been measured in the peroneal nerves of rabbits proximal to lesions 
produced by crushing, constricting, cutting and suturing or cutting and 
avulsing the distal end of the nerve, 7-446 days previously. 

2. After the first three types of injury conduction velocity falls to 90°, 
of normal within 25-30. days, and is further reduced to 80% of normal 
within 50-100 days. This reduction is maintained until 150 days, but most 
nerves recover normal velocities by 200 days and remain normal thereafter. 

3. When the distal end of the nerve is avulsed, conduction velocity 
above the consequent neuroma falls to 60-70% of the normal 200- 
400 days after injury and shows no sign of recovery. 

4. After all four types of injury a reduction of axon diameter in the 
largest fibres above the injury to an average of 85-9 °% of normal tends to 
precede an overlapping reduction of total fibre diameter to an average of 
89-8 % of normal in the period 50-150 days after injury. : 

5. For the first three types of injury axon and total fibre diameter 
increase after 150 days and return to near normal by 225 days after 
injury. 

6. After avulsion of the distal end of the nerve, from 200 to 400 days 
after injury the largest proximal fibres show a further reduction in diameter, 
total fibre diameter end axon diameter being reduced —" 
equally. 
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LACTIC ACID RELEASE BY INTRA-ARTERIAL ADRENALINE 
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Duff & Swan (1951) have shown that, in man, the continuous intra- 
arterial infusion of a relatively large dose of adrenaline causes an initial 
transient increase, followed by a sustained decrease in muscle blood flow. 
Following the intra-arterial administration of dibenyline the constrictor 
response to intra-arterial adrenaline is converted into a marked and sus- 
tained dilatation persisting throughout the duration of the infusion 
(Allwood & Ginsburg, 1959; de la Lande & Whelan, 1959). Dilatation in 
response to adrenaline has been attributed by Lundholm (1956) to the 
release of lactic acid from muscle consequent upon the glycolytic action 
of adrenaline; but, though Barcroft & Cobbold (1956) found an increase 
in venous blood lactate with intravenous infusions of adrenaline in man, 
Hildes, Purser & Sherlock (1949) had not been able to show such an increase 
following intra-arterial adrenaline infusions. An increase in forearm blood 
flow with intra-arterial adrenaline following adrenergic blocking agents 
was seen by de la Lande & Whelan (1959), and they suggested that 
adrenaline may release a substance from muscle, which might be lactic 
acid, which is responsible for the vasodilatation. The present experiments 
were carried out to ascertain if intra-arterial adrenaline liberated lactic 
acid, and, if so, whether the response was affected by a prior infusion of 
dibenyline, and its relationship to the changes in forearm blood flow. 


METHODS 


Healthy medical students aged 20-36 years were used as subjects. Room temperature 
was maintained at 21+1°C. Under local anaesthesia venepuncture was performed near 
the antecubital fossa, using a vein which appeared to drain deep structures rather than skin. 
A fine nylon catheter was threaded through the needle, which was inserted towards the 
hand, and the catheter was passed for about 2 in. (5 cm) into the vein. Heparin-saline was 
infused at the rate of 1 ml./min to prevent clotting. Blood samples for lactic acid estimation 
were taken at 3 min intervals, the blood being withdrawn into a sterile lactate-free syringe: 
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the blood was deproteinized as rapidly as th ge with 10 % trichloroacetic acid to prevent 


lactate accumulation from glycolysis. A n 


© was inserted into the brachial artery of the 


same forearm through which sodium chloride solution 0-9 g/100 ml. was infused throughout « 
the experiment at 3 ml./min. Adrenaline was added to this saline when required so that it 
entered the artery at the rate of 2 ug/min. In each experimént blood samples were taken 
for analysis during a control period, during a 10 min infusion of adrenaline and during a 
succeeding time to allow blood lactic acid to return to approximately the resting value. 
Dibenyline was then given at a dose of 500 g/min for 6 min and the experimental procedure 


was repeated. 


Blood flow was measured by venous occlusion plethysmography (Barcroft & Swan, 
1953). Blood lactic acid was determined by Hullin & Noble’s (1953) modification of the — 
method of Barker & Summerson (1941). | 


RESULTS 


Adrenaline infusion. With adrenaline administered intra-arterially at 
2 wg/min the lactic acid content of the venous blood draining the limb rose 
gradually ; the peak level ranged from 18 to 100% above the resting level 
with a mean increase of 43%. After the end of the infusion the concen- 
tration of lactic acid returned only slowly to the pre-infusion level and was 
still elevated 10 min afterwards. Table 1 shows the lactic acid values for 
the seven subjects used. During the initial transient increase in forearm 
blood flow there was no change in blood lactic acid, during the sustained 
fall in blood flow the lactic acid in the blood rose and during the period of 
‘after-dilatation’ seen immediately on stopping adrenaline infusion the 
blood lactic acid was still high (Fig. 1). 


TaBLE 1, Lactic acid content (mg/100 ml.) of venous effluent from forearm muscles 


before, during, and after intra-arterial infusions of adrenaline (2 ug/min) 


Subject 


wd 


Before 
adrenaline 


CP 


o ose 


_ 


Minutes after beginning 
of infusion 
6 9 
Adrenaline 
11-5 10-0 11-5 
8-0 13-5 17-0 
15-0 11-5 10-0 
6-0 6-5 8-5 
9-5 12-5 
12-0 12-0 18-5 
8-5 9-0 13-5 
10-0 10-7 12-9 
Adrenaline after dibenyline 
11-8 14-8 11-5 
13-5 10-5 9-5 
16-0 15°5 15-5 
7°75 15-0 8-5 
1-5 7-5 9-5 
16-0 16-0 22-0 
6-75 11-0 15°5 
11-3 12-9 13-0 


Minutes after end 
of infusion 
3 9 
11-8 11-8 
13-5 12-5 
7:5 10-0 
8-0 80 
15-0 12-5 
17°5 
11-0 9-5 
12-0 10-7 
7-5 7°5 
75 
3°5 11-5 
8-0 8-0 
9-5 6-0 
15-0 12-0 
7:75 8-5 
9-8 8°7 
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Adrenaline after dibenyline. Following dibenyline administration adrenal - 
ine caused an increase in the venous lactic acid, the rise occurring more 
rapidly than with adrenaline alone. The peak levels ranged from 23 to 
150 % above resting with a mean increase of 44%. Following the infusion 
' the blood lactic acid fell within 10 min, in some cases to less than control 
values (Table 1). The forearm blood flow immediately increased when 


Ad 2g./min 

E42- 
8 
10 

23 | 
A 
a 
= 20 vA 
E oP \ 
\ 
> @ 
| 
10 

5 — 

0 | | 

C8 3 6 9 12 15 18 
Time (min) 


Fig. 1. The effect of 1.4. adrenaline 2 »g/min on the venous blood lactate (above) 
and on forearm blood flow (below). @, results obtained before treatment with 
dibenyline ; O, results after 1.4. dibenyline (500 yg/min for 6 min). Adrenaline was 
infused during the period between the broken lines. 
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adrenaline was administered and before the lactic acid level had changed, 
it remained elevated and was still above the resting level when the lactic 
acid had returned to normal (Fig. 1). 


DISCUSSION 

The intra-arterial administration of adrenaline into experimental 
animals is known to increase the glycogenolytic activity in muscle, as 
judged by the increase in the lactic acid content of the blood (Lundholm, 
1956; Ellis, 1959). Our results show that this is also true for man when 
adrenaline is given directly into a muscular segment such as the forearm, 
and the time course of the rise and fall in lactic acid follows closely that 


observed for the intravenous infusion of adrenaline in man (Barcroft & 


Cobbold, 1956). Similar results with intra-arterial adrenaline have been 


observed by R. F. Whelan (personal communication). These observations 


do not agree with the findings of Hildes et al. (1949), who were unable to 
detect any change in venous blood lactic acid or any reduction in the 
glycogen content of muscle from gastrocnemius biopsies when adrenaline 
was infused directly into the femoral artery. 

The increase in lactic acid occurs despite marked degree of vaso- 
constriction and in this the results in man differ from those in the cat, 
where Griffith, Lockwood & Loomis (1946) could only find a raised blood 
lactic acid in response to intra-arterial adrenaline when vasoconstriction 
was minimal. 

The glycogenolytic action of adrenaline in muscle does not appear to be 
affected by prior treatment with dibenyline. In the present experiments 
the mean percentage rise in blood lactic acid in response to the intra- 
arterial administration of adrenaline at 2 »g/min was the same before and 
after the administration of dibenyline. The time course of the rise and fall 
of the venous lactic acid was, however, different, in that after dibenyline 
the lactic acid concentration rose more rapidly and on cessation of the 
adrenaline infusion the lactic level fell to reach the control level, or slightly 
below this, within 10 min. The increase in rapidity of these changes may 
be a reflexion of the greatly increased blood flow through the part when the 
dilator action of adrenaline is unmasked by dibenyline. 

The effect of intra-arterial infusion of adrenaline on the blood flow in the 
forearm is to cause an initial increase which subsides very rapidly. This 
initial increase in flow occurs before the lactic acid content of the blood 
has risen, whether the amine is given intra-arterially as here, or intra- 
venously (Barcroft & Cobbold, 1956), and accordingly it is unlikely that 
this phase of the adrenaline response is due to the release of lactic acid 
from skeletal muscle. With intravenous infusions of adrenaline the initial 
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dilatation is succeeded by a small sustained dilatation and, since this is 
coincident with the rise in blood lactic acid, it could be related to this in 
agreement with the postulate of Lundholm (1956). With intra-arterial 
infusions of small doses of adrenaline (0-1 »g/min) the initial transient 
dilatation is not followed by a sustained dilatation (Whelan, 1952), and 
with larger doses (2 »g/min) the secondary response is one of constriction, 
despite the fact that the blood lactic acid content shows an increase of 
about 40% above the resting level. Since lactic acid is known to have a 
dilator action on muscle blood vessels (Green & Kepchar, 1959) this 
finding implies that any tendency towards lactic dilatationis being opposed 
by some fairly powerful constrictor activity. This is in accord with the 
finding of Allwood & Ginsburg (1959) and of de la Lande & Whelan (1959) 
that in its action on the human forearm adrenaline possesses two com- 
ponents, a sustained dilator and a sustained constrictor action. However, 
since the blood flow shows some tendency to return towards the resting 
level during continued intra-arterial adrenaline infusion it is possible that 
lactic acid may be exerting some small dilator activity. 

The sustained dilator action of intra-arterial infusion of adrenaline 
which is revealed by prior treatment of the forearm with dibenyline is 
-accompanied by muscle glycogenolysis with lactic acid release. This dilata- 
tion commences within 1 min of beginning the infusion of adrenaline and 
is sustained throughout the time of infusion. The blood flow. reaches a 
high level before the lactic acid of the venous blood has risen to any great 
extent so that it is improbable that the sustained dilatation given by 
adrenaline following dibenyline is due to the dilator action of lactic acid, 
although this could contribute towards the slightly increased dilatation 
later on during the infusion. The lack of correlation between the increase 
in blood flow and the blood lactic acid level in these circumstances lends 
support to the suggestion of Allwood & Ginsburg (1961) that it may not 
be necessary to postulate the formation or release of another dilator 
substance to explain the sustained dilator activity of adrenaline which is 

revealed by prior infusion of dibenyline. 
_ This dilatation would represent a continuation of the initial peak 
dilatation, which is independent of lactic acid release following both 
intravenous (Barcroft & Cobbold, 1956) and intra-arterial infusion, as our 
present results show. 

When the intra-arterial infusion of adrenaline was stopped before the 
infusion of dibenyline an ‘after-dilatation’ occurred (de la Lande & 
Whelan, 1959; Allwood & Ginsburg, 1961). De la Lande & Whelan (1959) 
suggested that this could be accounted for by a more rapid wearing off of 
the constrictor phase of adrenaline action before the dilator effect had 
ceased. If part of the dilator effect is due to lactic acid release then the 
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persistence of a raised blood lactic acid level following adrenaline infusion 
couldfexplain the ‘after-dilatation’. This would agree with the finding of 
Allwood & Ginsburg (1961) that the ‘after-dilatation’ is specifically related 
to an action of adrenaline on skeletal muscle, and one certain action is 
glycogenolysis. Also there was no ‘after dilatation’ following infusion of 
noradrenaline, and this does not release lactic acid from muscle. An 
‘after-dilatation’ was absent when the adrenaline infusion was preceded 
by dibenyline. The ‘after-dilatation’ might still be due to a dilator effect 
of lactic acid even if this substance is not implicated in the sustained 
dilator response to adrenaline. Adrenaline is rapidly destroyed in the 
circulation, so that its direct action should cease soon after the infusion 
ceases ; the blood vessels would then be exposed to the dilator action of any 
lactic acid which had accumulated during the adrenaline infusion. Such 
dilator action would not occur in the absence of lactic acid, as with nor- 
adrenaline infusions, nor if the accumulated lactic acid was removed 
rapidly by a brisk blood flow, as following infusion of adrenaline after 
dibenyline. At present the ‘after-dilatation’ is unexplained. 


| SUMMARY 

1, Intra-arterial infusions of adrenaline (2 »g/min) into the human 
forearm increased the lactic acid content of the blood draining the muscles 
by an average of 40 9. The same rise occurred when adrenaline was infused 
after treatment of the forearm with dibenyline (500-yg/min for 6 min). 

2. These adrenaline infusions caused an initial transient increase in 
blood flow which was not related to lactic acid release from muscle. 
Lactic acid may contribute towards thc lessening of the sustained con- 
striction which followed the initial dilatation. 

3. After the infusion of dibenyline intra-arterial adrenaline caused 
only a sustained increase in forearm blood flow which was largely inde- 
pendent of lactic acid release, although a small part of the dilatation could: 
be due to its action. | 


Our thanks are due to the subjects who took part in the experiments, and to Professor 
H. Barcroft, F.R.S. for his advice and criticism. : 
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ANION CONDUCTANCE OF CARDIAC MUSCLE 
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The effectiveness of chloride ions in influencing electrical behaviour of 
a tissue will in general depend on how large a share they contribute to the 
membrane conductance. In the case of frog skeletal muscle measurements 
made with different methods are in good agreement and show that the 
chloride conductance of a resting fibre in Ringer’s solution is about twice 
that of potassium (Hodgkin & Horowicz, 1959; Hutter & Noble, 1960). 
Experiments on mammalian skeletal muscle (Giebisch, Kraupp, Pillat & 
Stormann, 1957) and smooth muscle (Burnstock & Straub, 1958) suggest 


that these tissues are also highly permeable to chloride ions. The present 


paper gives information on the situation in mammalian cardiac muscle. 
Although accurate quantitative information has not been obtained, the 
indication is that cardiac muscle is more permeable to potassium than to 
chloride. The striking effects which may nevertheless be produced by 
replacing chloride with other ions are interpreted as the consequence of 
the sensitivity of certain phases of the cardiac action potential to changes 
in membrane conductance. | | 

In skeletal muscle the membrane conductance is reduced on replacing 
chloride by large impermeant anions like sulphate and methyl sulphate, 
or by bromide, nitrate and iodide which are able to penetrate the membrane 
slowly (Hutter & Padsha, 1959; Hutter & Noble, 1960). In cardiac muscle 
the large anions act in the same way, but replacement of chloride by 
bromide, nitrate and iodide was found to increase the membrane con- 
ductance. A range of anions of different permeabilities is thus available, : 
and the description of the transient and permanent changes in electrical 
behaviour which may be produced by varying the anion composition of the 
bathing fluid occupies part of this paper. A brief report of this work has 
already appeared (Hutter & Noble, 1959). | : 


METHODS 


Strands of Purkinje tissue were taken from the hearts of sheep and dogs as described by 
Goldenberg & Rothberger (1936) and Draper & Weidmann (1951). The sheep hearts wore 
obtained from anaesthetized ewes which had been used in experiments of a different kind, 
and were kindly made available to us by Professor Huggett, or from lambs immediately after 
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slaughter at the cattle market. The preparations were immersed in cold oxygenated Tyrode 
solution during transport to the laboratory, which usually took about 30 min. Papillary 
muscles were taken from the right ventricles of anaesthetized cats, or from rabbits im- 
mediately after spinal dislocation. 

The preparations were mounted in a small channel by means of fine entomological pins 
inserted through connective tissue into wax. Solutions of the desired composition were 
forced through the channel at slight pressure from a series of reservoirs equilibrated with 
95 % O, and 5% CO,. The temperature of the solution near the preparation was recorded 
with an electrically insulated thermocouple and was kept constant at about 35 °C. Control 
experiments indicated that at most 30 sec was required for 90% of the bath fluid to be 
replaced by a new solution. When required, the preparations were stimulated through a pair 
of fine wire electrodes embedded in the wax. 

Membrane potentials were recorded with intracellular micro-electrodes filled with 
3 m-KCl. The electrode was connected through a Ag—AgCl half-cell incorporating an Agar— 
Ringer bridge to one grid of a push-pull cathode-follower input ; the other grid was connected 
to a second half-cell and bridge in contact with the bath fluid. In these circumstances a 
_ junction potential of 5 mV (micro-electrode negative) appeared on replacing chloride ions in 
the bath fluid with methylsulphate ions. For measurement of membrane resistance two 
micro-electrodes were inserted close together (Fatt & Katz, 1951). In Purkinje strands the 
insertion of both electrodes usually remained satisfactory for many minutes as judged by the 
constancy of the membrane potential and resistance in a given solution. When using 
papillary muscles long-lasting double impalements were obtained more rarely. 

The measurements taken were the amplitude of the electrotonic potential close to the 
polarizing electrode, V, and the total polarizing current, J. For a uniform cable the relation 
between V and the membrane conductance, g,,, is V oc I/+/9,,. Purkinje tissue has a composite 
structure, but it seems likely that the strands used were long and thin enough for this 
relation to apply. In papillary muscles, however, the internal current diverges in all 
directions and a more complicated relation may then be expected to hold. The results are 
therefore expressed only in terms of the ‘effective conductance’, I/V. 

Chloride solution contained (mm):NaCl 137, KCl 2-7 or 4-0, CaCl, 1-8, MgCl, 0-5, 
NaH,PO, 0-36, NaHCO, 12, glucose 5-5. The other solutions were made by replacing NaCl 
with equimolar amounts of either NaBr, NaNO,, NaI, NaCH,SO, or Na pyroglutamate. The 
sodium methyl sulphate supplied to us in 1958 by Hopkin and Williams Ltd. was a white 
crystalline substance almost free from organic odour. In the concentration used it had no 
obvious ‘toxic’ effects on frog skeletal and cardiac muscle (Hutter & Noble, 1960) or on the 
mammalian tissues here used. 

RESULTS 


The Purkinje tissue of the sheep or dog heart is composed of large, 
relatively non-contractile fibres. It possesses most of the essential electrical 
properties of cardiac muscle and is suitable for experiments involving 
prolonged recording from single cells. In many isolated preparations 
‘spontaneous rhythmic action potentials occur, so that the properties of the 
resting membrane cannot be studied. Some information about the 


permeability of cardiac muscle to different anions can however be obtained — 


from the changes in rhythm which may be observed. 


The action of I, NO, and Br on impulse generation 


Figure 1 shows the effect of replacement of chloride solution by iodide 
solution in a spontaneously beating sheep Purkinje fibre. Within a few 
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seconds of the arrival of iodide solution in the bath the preparation stopped 
beating and the membrane potential became constant at 10 mV positive 
to the maximum diastolic potential during activity. The arrest persisted so 
long as iodide solution was present, but on readmission of chloride solution 


_ the preparation soon started to beat again. Artificial stimulation during 


the arrest elicited propagated action potentials, so that the arrest may be 
ascribed to an action of iodide on the pace-maker. A possible explanation 
is that cardiac muscle is more permeable to iodide than to chloride ions. 
A hyperpolarizing anion current tending to suppress pace-maker activity 
would then flow on replacement of extracellular chloride by iodide. 


_ Fig. 1. Suppression of spontaneous activity on replacement of extracellular Cl by I. 
Sheep Purkinje fibre. a, the short break in therecord after the fourth action potential 
indicates the moment at which I solution was admitted. The maximum diastolic 
potential increases by about 5 mV before the fibre is arrested. b, propagated action 
potentials in response to external stimuli during the arrest. Calibration for this and 
subsequent similar records, zero potential after withdrawal of micro-electrode from 
cell and 10 mV steps; time marker, seconds. : 


_ When chloride solution was replaced by nitrate solution, spontaneous 


activity ceased on a few occasions, but usually nitrate failed to cause com- 
plete standstill and a more complicated sequence of events then followed. 
The initial slowing gradually gave way to an acceleration, and on read- — 
mission of chloride solution a further increase in frequency occurred before _ 
the original rhythm was re-established (Fig. 2). The slowing suggests that 
nitrate also increases the anion conductance, but toa lesser extent than 
iodide does. If it is supposed that the anion distribution is determined by 
the membrane potential, the transience of the slowing and the eventual 
acceleration produced by nitrate may also be explained (see Discussion). 
In a single experiment, short-lasting replacement of chloride solution by 
bromide solution caused a slowing in the spontaneous rhythm. i 
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Beats/min 


Min 
Fig. 2. Time course of frequency changes produced on replacement of Cl by NO,. 
Dog Purkinje fibre. a, spontaneous activity in Cl solution ; b—f, sections of continuous 
record during exposure to NO, solution (b, c) and subsequent readmission of Cl 
solution (d-f). The frequency at different times during the experiment is plotted in 
the graph. The records illustrated correspond to the following times: a, 0 min; 
b, 4 min; c, 20 min; d, 21 min; e, 36 min; f,45 min. At | NO, solution admitted, at 
+ return to Cl solution. 


The influence of large anions on impulse generation 
The interpretation given to the effects of iodide, nitrate and bromide leads 
to the expectation that anions /ess permeant than chloride should produce 
the opposite changes. To test this point, chloride solution was replaced by 
methylsulphate or pyroglutamate solution. Figure 3 illustrates the results 
of one of these experiments. It can be seen that the first effect of methy]- 
sulphate solution was to accelerate the rhythm. Thereafter the fibre slowed 
progressively until the frequency in methylsulphate solution was 70 % of 
that in chloride solution. In four other similar experiments the frequency 
eventually fell to between 40 and 90%. As might be expected, the initial 
acceleration produced by impermeant anions was particularly obvious in 
preparations that had previously been exposed for some time to an anion 
more permeant than chloride. Replacement of nitrate by methylsulphate, 
for instance, produced an initial acceleration from 50/min to 120/min and a 
depolarization in the sense that the maximum diastolic potential reached a 
less negative value during this period (Fig. 4). Preparations which were 
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quiescent in chloride solution could often be made to beat by substituting — 
a large anion, and the readmission of chloride arrested such preparations. 


Fig. 3. Transient acceleration and subsequent slowing on prolonged replacement of 
extracellular Cl by a largeranion. Sections of record from a dog Purkinje cell. a, in 
Cl solution; 6, 1 min; c, 8 min; and d, 13 min after admission of CH,SO, solution. 
Initial displacement of trace in the hyperpolarizing direction due to junction 
potential change of about 5mV. Exact values of the maximum diastolic potential 
at later stages uncertain because of drift in recording system. 


NO,-> CH,SO, 


Fig. 4. Dog Purkinje fibre. Break in record aiter sixth action potential indicates 
replacement of NO, solution by CH,SO, solution. The acceleration is accompanied 
by a fall in threshold and a depolarization, which is however partly masked by the — 
change in junction potential. 


The influence of foreign anions on the action potential 

In addition to the rhythm, the plateau phase of the cardiac action 
potential was found to be sensitive to anion replacement. Comparison of 
Fig. 3a and Fig. 3c for instance shows that at similar frequencies the action 
potential lasts longer in methylsulphate than in chloride solution, A more 
striking effect of this kind on a sheep Purkinje fibre is illustrated in Fig. 5. 
In this case replacement of chloride by pyroglutamate solution increased the 
duration of the action potential from about 0-5 sec to more than 2 sec, 
with the result that the frequency fell in spite of an increase in the slope 
of the pace-maker potential. Again much of this effect was transient, 
though some prolongation of the action potential persisted so long as 
chloride ions were absent. Occasionally sheep Purkinje fibres were found 
which had abnormally long-lasting action potentials and the presence of 
chloride or of another permeant anion was then essential to promote 


regular repolarization. 
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Some experiments were made on myocardial fibres in cat and rabbit 
papillary muscles driven at a constant frequency. Here it was generally 
not possible to record from a single cell for as long as in Purkinje fibres, but 
continuous stable records could sometimes be obtained for long enough to 
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Fig. 5. Prolongation of action potential duration on replacement of Cl by a large — 
anion. Continuous record from a spontaneously beating sheep Purkinje fibre. 
After fifth action potential extracellular Cl] replaced by pyroglutamate (pGIt). 


Fig. 6. A, sections taken from continuous record from a cat papillary muscle in 
a Cl, 6 NO, and c CH,S80, solutions. B, superimposed tracings of action potentials 
taken at a faster sweep speed. 


indicate that anion replacement has essentially similar effects. In Fig. 6 
tracings of action potentials recorded from the same cell in chloride, nitrate 
and methylsulphate solution are superimposed. Both the initial level and 
_ the slope of the plateau may be seen to depend on the anion species present. 
The tersninal pe of repolarization was relatively unaffected. 
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stant intensity is slightly increased on replacing chloride with methyl- 
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Changes in membrane resistance 


An aim of this work was to determine the contribution of chloride ions — 
to the membrane conductance of cardiac muscle by replacing chloride with 
impermeant anions. It had initially been expected that all the foreign 
anions used would decrease the membrane conductance, as in skeletal 
muscle (Hutter & Padsha, 1959: Hutter & N oble, 1960). The contrasts 
observed indicated that only methylsulphate and pyroglutamate would be 
useful for the original purpose, but the opportunity was also taken to 
examine the changes in conductance underlying the effects of iodide and 
nitrate. 


Fig. 7. Variation in resting membrane conductance of sheep Purkinje fibre in 
different anion solutions. Each trace starts with the down stroke of an action 
potential and then shows the voltage deflexions produced by recurring hyper- 
polarizing current pulses of 6x 10-*A and 220 msec duration (lowest trace). . 
@ preparation in Cl, 6 in CH,SO, and c in NO, solutions. Note that the time course 
of the downward deflexion at the beginning of each current pulse is faster than the 
return to the base line, especially in b, indicating non-linearity of current-voltage 
relation. 


The normally occurring conductance change during diastole in spon- 


taneously beating Purkinje fibres has been described by Weidmann (1951). 


In circumstances in which alterations in frequency occur this may be a 

complicating factor. Figure 7 is chosen from an experiment in which a — 
sheep Purkinje fibre showed periods of quiescence in all the solutions used, 
so that the conductance of the resting membrane in the presence of 
different anions could be compared. It can be seen that the voltage dis- 
placement produced by recurring hyperpolarizing current pulses of con- 
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sulphate and clearly reduced by substituting nitrate. The direction of the 
conductance change is therefore as expected from the alterations in 
frequency and potential. The quantitative interpretation of the results is 
complicated by a non-linearity in the voltage-current relation, as indicated 
by a faster change of potential in the hyperpolarizing than in the de- 
polarizing direction, especially when the voltage deflexion is increased by 
methylsulphate solution (Fig. 7b). A change in sodium conductance with 
membrane potential probably accounts for most of this effect. On removal 
of chloride it would tend to increase the change in voltage displacement 
_ produced by a given current, so that only an upper limit for the contribu- 
tion of chloride to the membrane conductance can be obtained. When 
allowance is made for the cable properties of the fibre, the changes 


Fig. 8. Dog Purkinje fibre driven at constant frequency. Constant current pulses, 
6 x 10-* A, synchronized to fall in diastole and systole. a fibre in NO,, b in CH,SO, | 
solution. Duration of current pulses, 250 msec. 


illustrated in Fig. 7 amount to a fall in the membrane conductance, g,,, from 
1-0 in chloride solution to 0-7 in methylsulphate solution; g,, would then 
appear to be less than 0-3 g,,. Comparison of the membrane conductance 
in chloride and nitrate solution can also be only approximate and the same 
applies to giving quantitative expression to the decrease in conductance 
that can be observed when a fibre arrested by iodide solution resumes 
spontaneous activity in chloride solution. 

On two occasions the slope conductance was measured at the resting 
potential and during the plateau of the action potential in naturally 
quiescent Purkinje fibres driven at a constant frequency. The effect of 
replacement of chloride by methylsulphate was barely perceptible, but a 


clear difference between the voltage displacements in methylsulphate and — 


nitrate solutions could be observed. In the experiment illustrated in Fig. 8 
the contribution of nitrate ions to the slope conductance was approximately 
the same at the resting potential and during the plateau of the action 
potential. In the other experiment the anion contribution during the 
plateau seemed slightly larger than at rest. 
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The results of chloride removal on resting cat papillary muscle are given 
in Table 1. On the average the ‘effective conductance’, I |V, decreased by 
about 11%. A quantitative estimate of g,,/g,, cannot be given in this 
case, but it seems likely that it is of the same order as in Purkinje fibres, 
Little{change in membrane potential was observed at any stage during 


_ these experiments, perhaps because of the small size of the fibres and low 


chloride conductance. 


TaBz 1. Values for ‘effective conductance’ of cat papillary muscles determined alternately 
in chloride and methylsulphate solutions 


I/V (umho 
potential Mean 
Cat Impalement (mV) Cl CH,SO, Cl CH,SO, Cl ratio 
A 80 19-4 17-4 19-6 1-12 
B 2 73 22-2 19-5 22-2 20-0 22:2 1:12 
3 68 11:3 105 11-6 1-09 
C 4 65 18-5 17-2 19-3 — — 1-10 
| Average 1:11 


The repolarizing action of iodide and nitrate 

A proportion of Purkinje fibres kept in chloride solution containing 
2-7 mm-K showed a high degree of rhythmic activity associated with a low 
maximum diastolic potential. In such preparations a marked hyper- 
polarization accompanied the slowing observed on admission of iodide or 
nitrate solution (Fig. 9). The character of the record suggests that as the 
nitrate concentration reaches an adequate value the anion current produces 
a regenerative change of potential. The phenomenon becomes more striking 
in fibres so depolarized that rhythmic activity consists in little more than 
an oscillation in the plateau region (Fig. 10). Under such conditions a small 
hyperpolarizing current of any origin may produce a striking regenerative | 
repolarization, presumably because of the effects of voltage on the con- 
ductances of the membrane to sodium and potassium ions. 


DISCUSSION 
The anion current during the action potential 


It is now recognized that the distribution of chloride ions between 
skeletal muscle fibres and their environment is determined by the membrane 
potential, as set by the cations (Hodgkin & Horowicz, 1959; Adrian, 1960). 
In a fibre that has been resting for some time the chloride equilibrium 
potential, H,,, is therefore equal to the resting potential, and only when the 
potential is displaced does chloride current became a factor in determining” 
electrical behaviour. In a constantly active cardiac-muscle preparation 
a resting potential does not exist. If the distribution of chloride ions in 
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cardiac muscle were similarly determined by the membrane potential, F,, 
would therefore take up a value intermediate between the maximum 
positive and negative potentials. The exact value of £,, will depend on the 
time course of the action potential and on the voltage—current characteristic 


_ Fig. 9. Hyperpolarization and slowing produced by NO, solution. Spontaneously 
beating dog Purkinje fibre. Change from Cl to NO, solution indicated by first break 
in record. Calibration after return to Cl solution. 


Fig. 10. Restorative effect of hyperpolarizing current pulses and of NO, solution on 
a substantially depolarized sheep Purkinje fibre. a fibre in Cl solution shows dwarf 
action potentials. Brief hyperpolarizing current pulses (8x 10-* A) produce 
regenerative increase in membrane potential and augmentation in amplitude of 
subsequent action potential. Pulses arriving in diastole have only a small effect. 
On cessation of current pulses fibre returns to original condition. 6 same fibre im- 
mediately afterwards. Increase in membrane potential and transient restoration of 
fully developed spontaneous action potentials produced by replacing Cl with NO. 


of the chloride channel, which is as yet unknown in cardiac muscle. In 


Fig. 11, has been computed for a. Purkinje fibre beating spontaneously 


at a frequency of 60/min, on the assumption that the movement of chloride 
obeys the constant field relation as in skeletal muscle (Hodgkin & Horowicz, 
1959). The procedure adopted was to determine the inward and outward 
movements of chloride during the cycle for different assumed values of 
Eq until the value at which no net movement occurred was found. In the 
case illustrated EZ, came to —50 mV. If the chloride conductance did not 
increase on depolarization, as predicted by the constant field theory, E,, 
would have a more negative value. But it seems anyhow likely that Z,, 
will be found in the threshold region, so that chloride current would con- 
tribute to the slow depolarization throughout diastole. During the 
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plateau, on the other hand, chloride current would flow in 
direction and help to terminate the action potential. ! 
That the anion current in fact reverses during the action potential is 
shown by the changes eventually observed on replacement of chloride by 
foreign anions. Abolition of the anion current by replacement of chloride 
by an impermeant anion like methylsulphate slows both the rate of 
depolarization during diastole and the rate of repolarization during the 
plateau (Fig. 3d). By contrast, when an anion like nitrate, to which cardiac 
muscle is apparently more permeable, takes the place of chloride in the 
system a steeper pace-maker potential and shorter action potential 
eventually occur (Fig. 2c). | 


| 


the opposite 


~40 - 


Membrane potential (mV) 


Chloride current 


second. B, time course of Cl current (in arbitrary units) according to equation 2-5 
of Hodgkin & Katz (1949) with Ey taken as —50 mV (solid curve) and —48 mV 
(interrupted curve). In the first case the time integral of the Cl current over the cycle 
18 zero, 

The initial changes in rhythm observed on chloride replacement are 
transient and in the opposite direction to the final effects discussed above. 
They may be explained as a result of the current that flows so long as 
_ anions of different permeabilities are present on the two sides of the 
membrane. It is convenient to discuss these transient effects with 
reference to an ‘anion potential’, Z,,,. This may be defined as the potential 


at which the net anion current is zero and is given by 
=— Hodgkin & Horowicz, 1959), 


-60 - 
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| Fig. 11. A, voltage time course in a Purkinje fibre beating spontaneously once per , 
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where R, 7 and F have their usual meanings, [ ]; and[ ]o refer to the intra- 
and extracellular concentrations respectively, A is a foreign anion and 
8 a constant for any given foreign anion which expresses the permeability 
of the membrane to it relative to the permeability to chloride. In the case 
where extracellular chloride is replaced by methylsulphate, 8 may be taken 
as practically zero and H,,, becomes positive. A depolarizing current will 
therefore flow throughout the action potential. The intensity of this current 
will be proportional to [Cl], and will at first exceed the normal depolarizing 
current during diastole; an initial acceleration may therefore be expected. 
But as [Cl], falls the depolarizing current decreases and the frequency 
eventually slows to below its original value. 

On the basis of the constant-field theory the value of [Cl], at which the outflow of chloride 
into a chloride-free solution equals the net chloride current normally flowing during the 
pace-maker potential may be calculated. If the effect of electrical activity itself is neglected, it 
is also possible to make a rough estimate of the rate of loss of chloride into a chloride-free 
solution, and hence of the expected duration of the acceleration. Taking go, as 160 wmho/ 
cm’, i.e. 20% of a total membrane conductance of 800 ~zmho/cm? (Coraboeuf & Weidmann, 
1954), HZ, as —50 mV and the fibre diameter as 70 » the expected duration of the accelera- 


tion comes to about 2 min. The observed duration was between 3 and 8 min. As activity 
itself would slow the loss of intracellular chloride, the time course of the acceleration is 


therefore in reasonable agreement with the hypothesis that it results from the progressive _ 


loss of intracellular chloride. In this connexion, it seems likely that changes in frequency 
through anion replacement comparable to those observed in Purkinje fibres may be difficult 
to demonstrate in the intact heart because of the small diameter of the fibres of the natural 
pacemaker. 


In the case of nitrate 8 may be given a value greater than unity and F,,, 
will at first become more negative, provided that the change in the anion 
composition of the external fluid is rapid compared: with the exchange 
across the cell membrane. A hyperpolarizing current will therefore flow 
during diastole and slow the development of the pace-maker potential. 


The usual action of iodide is to produce a permanent arrest. We may 


suppose that iodide is more permeant than nitrate and that enough hyper- 
_ polarizing iodide current flows to suppress diastolic depolarization com- 
pletely. The absence in this case of an acceleration as the hyperpolarizing 
current eventually decreases is probably the result of a permanent shift in 
E,, to @ more negative value. On the assumption that the anions are 
passively distributed according to the membrane potential, such a shift 
would be expected as a direct consequence of the prolonged absence of 
action potentials. It may be noted that whenever nitrate succeeded in 


bringing about arrest the eventual increase in frequency was similarly — 


absent. 

In preparations not showing pace-maker activity the duration of the 
plateau was most sensitive to changes in the anion conductance. The 
indication is that the contribution of anions to the membrane current is 
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significant only during the slow phases of the action potential when the net 
cation current is comparatively small. It might be expected that the 
shortening of the action potential produced by nitrate would be greatest 
immediately after its admission, while the hyperpolarizing current is most 
intense. The available evidence, mainly on spontaneously beating prepara- 
tions, does not illustrate this point perhaps because of the concurrent 
slowing in frequency which tends to oppose the effect. On replacement of 
chloride by an impermeant anion the prolongation of the action potential 
was in fact most pronounced soon after the exchange. This effect was seen 
especially well in sheep Purkinje fibres, probably because the great — 
diameter of these fibres ensures a slow loss of intracellular chloride. 


Comparison with synaptic inhibition 
The ‘inhibitory’ action of iodide and nitrate on spontaneously beating 
Purkinje fibres resembles in some respects that of weak vagus stimulation 
on sinus venosus or auricle fibres. In both situations suppression of pace- 
maker activity goes hand in hand with a decrease in the duration of the 
action potential, and a substantial hyperpolarization may be observed in 


preparations showing a low maximum diastolic potential. The two sets of 
phenomena, however, do not seem to share a common mechanism. In the 


ease of vagus stimulation or action of acetylcholine the hyperpolarizing 


current is carried by potassium ions and no evidence for an increase in 
chloride permeability has been found (Harris & Hutter, 1956; Harris, 1959; 
Hutter, 1961). There are also no serious reasons to think that the effects of 
iodide and nitrate are brought about indirectly through an increase in 
potassium permeability. For although such an action may explain the 
initial slowing or arrest and the shortening of the action potential, it cannot 
account for the eventual acceleration. Even during the initial phase a 
significant difference is apparent in the membrane potential at which the 
preparation comes to rest. In the case of vagal inhibition this potential — 
is always at, or more negative than, the maximum diastolic value (Hutter & 
Trautwein, 1956). Preparations arrested by iodide, by contrast, show 
positive after-potentials when stimulated artificially (Fig. 1). This would 
not be expected if the potassium permeability were appreciably increased. 
The present results are, however, of some interest in relation to the general 
problem of synaptic inhibition, for they show how opposite changes may 
be obtained, depending on the magnitude of the conductance change and 


_ the value of the relevant equilibrium potential. They also raise the question 


whether the central effects of bromide may not be due to a permeability 
difference, a possibility which is not necessarily ruled out by the lack of 
central action on the part of iodide because of the known ability of the 
blood-brain barrier to distinguish between these anions (Davson, 1959). 
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The anion permeability of natural membranes 

The results of replacement of extracellular chloride by methylsulphate 
on the membrane conductance of Purkinje fibres may be compared with 
those of similar experiments on skeletal muscle (Hutter & Noble, 1960), 
and show a quantitative difference between the two tissues. In resting 
cardiac fibres it may be inferred that chloride ions carry at the most 0-3 of 
the total membrane current; in skeletal muscle at the resting potential the 
‘proportion is as high as 0-68. The origin of this difference is at present 
unknown, and it may not hold to the same extent at all membrane 
potentials. When skeletal muscle is hyperpolarized the proportion of 
current carried by chloride is known to fall to a value similar to that found 
in resting cardiac muscle, because of an increase in potassium permeability. 
More information on the voltage dependence of the different ionic currents 
in Purkinje fibres is required before a complete comparison can be made. 
It is also not possible at present to give quantitative information on the 
contribution of chloride to the membrane conductance of myocardial 
fibres, because the relation between. voltage displacement and membrane 
conductance is uncertain in this case. But the smallness of the changes 
observed and the similarity with Purkinje fibres in the effect of chloride 
removal on the action potential suggest that in myocardial fibres also g_, is 
relatively low. From the functional point of view, a low chloride con- 
ductance makes cardiac muscle more sensitive to changes in cation 
permeability, whether. occurring during the pace-maker and __ action 
potentials, or as a result of autonomic nerve activity. 

The effects observed on replacement of chloride by penetrating anions 
illustrate the difference in the permeability of natural membranes to the 
anions of the lyotropic series. In cardiac muscle the order of permeability is 
I > NO, > Br > Cl. The same sequence has been found for the mam- 
malian erythrocyte (Davson, 1959). A reverse order holds for skeletal 
_ muscle (Hutter & Padsha, 1959) and probably for frog skin (Mullins, 1958). 
Protamine collodion membranes resemble cardiac muscle in their selective 
permeability to anions and this property has been attributed to differences 
in the degree of adsorption of different anions by the membrane (Sollner, 
1949; Sollner & Gregor, 1952). Differences in adsorbability, however, 
cannot alone explain the situation in cardiac muscle, because they would 
not account for alterations in membrane conductance when the exchange 
is between anions whose mobilities in free solution are identical. 


SUMMARY 
1, Isolated strands of Purkinje tissue and papillary muscles from 
mammalian hearts have been used to determine the role of Cl ions in the 
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electrical behaviour of cardiac muscle, and to study the relative membrane 
permeability to a series of foreign anions. 

2. Replacement of extracellular Cl by impermeant anions alters the 
frequency of spontaneously beating preparations. The time course and 
direction of these changes suggest that Cl ions normally contribute to the 
depolarizing current during the pace-maker potential. 

3. The duration of the plateau of the action potential is prolonged by 
Cl removal. It is concluded that the equilibrium potential at which the Cl 
current reverses lies between the voltage regions occupied by the pace- 
maker potential and the plateau. 


4. Replacement of Cl by I causes arrest of spontaneous activity. NO, 


and Br initially slow the rhythm. These effects are attributed to a hyper- 
polarizing current resulting from the substitution of extracellular Cl by a 
more permeant anion. The duration of the action potential is reduced by 
I, NO, and Br. 

5. When NO, does not cause complete arrest, the initial slowing gives 
way to an acceleration. It is likely that this transition occurs as intra- 
cellular Cl is replaced by a more permeant anion. 

6. The membrane conductance decrease observed with two intracellular 
electrodes in Purkinje fibres when (Cl is replaced by CH,SO, indicates that 


Cl contributes only a small part to the membrane conductance. I and NO, | 


increase the membrane conductance. ) 
7. Attention is drawn to the qualitative and quantitative differences 
between the permeability of cardiac and skeletal muscle to anions. 


This work was aided by a grant for equipment from the Government Grants Board of 
the Royal Society. | 
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RENAL EXCRETION OF HYALURONIDASE AND CALCIUM 
IN MAN DURING THE ANTIDIURETIC ACTION OF 
VASOPRESSINS AND SOME ANALOGUES 


By 8. E. DICKER anp M. GRACE EGGLETON 


From the Departments of Pharmacology and Physiology, University 
College London | 


(Received 22 February 1961) 


Following the earlier observation of Ginetzinsky (1958) on dogs and rats, 
it was shown (Dicker & Eggleton, 1960) in man that hyaluronidase was 
present in urine secreted at a slow rate of flow; it disappeared during a 
water or alcohol diuresis and reappeared when the diuresis was suppressed 
by injection of vasopressin. Commercial preparations of vasopressin are 
extracted either from ox or from hog posterior pituitary glands, or from 
a mixture of both, and are standardized in terms of pressor units. It is 


_ known that the chemical structure of hog vasopressin differs from that of 


ox: the former being lysine-vasopressin, the latter arginine-vasopressin 
(Turner, Pierce & du Vigneaud, 1951; Popenoe, Lawler & du Vigneaud, 
1952). Arginine-vasopressin exists in man, ox, horse, sheep, rat, dog, 
monkey, camel and marsupials (Acher & Chauvet, 1953; Light & du 
Vigneaud, 1958; Acher, Chauvet & Lenci, 1959; Sachs & Barret, 1959; 
Sawyer, Munsick & van Dyke, 1960), whereas lysine-vasopressin exists in 
hog and hippopotamus only (Popenoe et al. 1952; Heller & Lederis, 1960). 
Physiologically the two vasopressins differ significantly: van Dyke, Engel 
& Adamson (1956) showed that one pressor unit of lysine vasopressin has 
but one sixth of the antidiuretic activity of an equal amount of arginine- 
vasopressin, when assayed by intravenous injection in dogs. A similar 
discrepancy between the action of the two vasopressins has been observed 
in the rat (Nielsen 1958; Thorn, 1957, 1959; Sawyer, 1958). It was there- 
fore thought of interest to compare the effects of lysine- and arginine- 
vasopressins in man. As analogues of vasopressin and oxytocin were made 
available to us the investigation was extended, and the relative antidiuretic 
activity of these compounds was determined in man and correlated with 
the excretion of hyaluronidase.’ Since Thorn (1960) had recently shown 
that an increased calcium excretion accompanied the antidiuresis produced 
by lysine-vasopressin in dogs, this was also determined in man. 
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METHODS 


Fifteen young healthy subjects were used, some on two or more occasions. After a period 
of at least 3 hr without food or water, diuresis was induced by ingestion of water, following 
one or two cups of tea, until the water load was of the order of 14 ml./kg body weight; it was 
maintained at that level throughout the experiment. When the subject was in full diuresis, 
an intravenous infusion of one or other compound was given, for a period of 10 min usually. 
When the effect of the first compound was over, and the diuresis was back to its initial 
level, another substance was infused in similar fashion, thus allowing comparison of the two 
in the same individual. All subjects were sitting during the experiment, but stood for 
micturition: urine was collected at 15 min intervals. The temperature of the room varied 
between 21 and 23° C. 

Calcium in the urine was estimated by the method of Bachra, Dauer & Sobel (1958). 
Repeated measurements of the same solution showed that amounts of 5-50 yg calcium 
per sample of 0-1—0-2 ml. could be determined with a reproducibility of 2%. Sodium and 
potassium were estimated by flame photometer. Total osmolarity of the urine samples was 
measured by the thermo-electric vapour-pressure method of Baldes (1934) modified as 
suggested by Krogh (1939). Repeated measurements of the same solution indicated that 
the mean error of a single determination was about +2%, or +5% if the concentration 
was less than 250 m-osmole/l. Hyaluronidase was determined by change in viscosity of 
hyaluronic acid (Dicker & Eggleton, 1960). The molecular weight of the carbowax used in 
concentrating the urine samples (15,000—20,000) is close to the pore size of the Visking tubing 
in which it was contained, and with some batches slight leakage occurred through the 
tubing. The viscosity of these smaller molecules was, however, unaffected by boiling, unlike 
the original mixture, so that the boiled sample of urine still served as a satisfactory blank 
in relation to any change in viscosity induced by hyaluronidase in the unboiled sample. 
In view of the recent criticism of Berlyne (1961) that hyaluronidase may become adsorbed 
on dialysis tubing, it should be said that with the Visking tubing used in the present work 
standard hyaluronidase was recovered quantitatively when added to a large volume of 
water or dilute urine and concentrated in the usual way. 

Drugs used for intravenous administration were: arginine*-vasopressin, arginine’- 
oxytocin, lysine*-vasopressin, lysine*’-oxytocin, phenylalanine*-lysine*-v in and 
_ oxytocin. The first three were extracts from ox, chicken and pig pituitary g glands, r pectively. 
The last three were synthetic products manufactured by Sandoz, Ltd. 

Vasopressin analogues as well as lysine*- and arginine*®-oxytocin were assayed for their 
pressor activity according to Dekanski’s (1952) method against the Third International 
Standard for posterior pituitary (Bangham & Musset, 1958), They were injected or infused 
intravenously in doses stated in pressor units. Oxytocin was administered Peernoeny 
in doses stated in oxytocic units. . 


RESULTS 


Arginine®-vasopressin injections or infusions were given on eleven 
occasions, lysine*-vasopressin fifteen times, arginine®-oxytocin six times, 
lysine®-oxytocin five times, phenylalanine?-lysine*-vasopressin (= PLV.) 
four times and oxytocin twice, with entirely consistent results. A repre- 
sentative comparison of their antidiuretic activities is shown in Fig. 1. 
Oxytocin (dose of 19 m-u. of oxytocic activity) shows no activity, a result 
in agreement with those of other observers (Cross, Dicker, Kitchin, Lloyd 


& Pickford, 1960). Of the other compounds given in a dose of 19 m-u. of » 
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pressor activity, PLV, produces negligible antidiuresis, lysine’-oxytocin 
appreciably more, arginine®-oxytocin and lysine*-vasopressin considerably 
more and arginine®-vasopressin most of all. A more quantitative com- | 
parison of the last two substances was made in one individual by giving 
smaller doses in single intravenous injections. The results given in Fig. 2 


suggest that arginine*-vasopressin has approximately twice the anti- 
diuretic activity of lysine®-vasopressin. 


Lys.-vasop. Oxyt. Arg.-vasop. 
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Fig. 1. The relative antidiuretic response to intravenous infusions of 19 oxytocic 
milliunits of oxytocin and of 19 pressor milliunits of vasopressin and some of its 
analogues, in four subjects. 


Calcium excretion. Calcium excretion varied inversely with the rate of 
urine flow: it was high at low rates of flow and decreased with the onset of 
diuresis (Figs. 3 and 4). The higher rate of calcium excretion observed, 
either at low rates of flow before the onset of diuresis, or during anti- 
diuresis occurred irrespective of the fact that the initial rate of calcium 


_ exeretion varied widely from one subject to another and on different 
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occasions in the same subject. The antidiuretic effect following the infusion 
of vasopressin or one of its analogues was always accompanied by a marked 


increase of calcium excretion. This agrees with Thorn’s (1960) findings in | 


the dog. Moreover, there is a relationship between the magnitude of the 
antidiuretic effect and the rise of calcium output in the same subject, as 
may be seen from Fig. 4. Oxytocin which, in the doses used, had no 
antidiuretic effect did not affect calcium excretion. 


Lysine-vasopressin Arginine-vasopressin 
5 
oO wn in 
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8r 
6r 
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0 20 140 180 220 
Time (min) 


Fig. 2. A comparison of the antidiuretic response to single intravenous injections 

_of varying doses of lysine- and of arginine-vasopressin in one subject. The osmolar 
concentrations of the urines during antidiuresis are given in the upper part of the 
figure. 


Hyaluronidase concentration. As found previously (Dicker & Eggleton, 
1960), hyaluronidase could be detected in the urine at a relatively slow 
rate of flow, and its concentration was then more or less quantitatively 
related to rate of flow, as may be seen in Figs. 3 and 5. This relationship 
was much closer than that between total hyaluronidase excretion and 
rate of flow, and although individual differences existed they did not 
obscure an overall relationship, as may be seen from the results shown in 
Fig. 6. : 

Na and K excretion. None of the products used increased the excretion 
of potassium. In regard to sodium excretion, arginine®-oxytocin alone 
caused some increase in three out of the six subjects used, in one of whom 
it was accompanied by an increase in creatinine excretion. Lysine’- 
oxytocin produced a decreased excretion of both ions, accompanied by 
a decreased creatinine output (Fig. 5), suggesting that the antidiuretic 
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effect observed was partly due to vascular effects. Neither of these two 
substances had any effect on the blood pressure (measured with a sphyg- 
momanometer) whereas PLY, raised both systolic and diastolic pressures. 

Total osmolar concentration was measured in a number of experiments 
and showed the usual inverse relation with rate of urine flow. An example 


= 
23 1F 
I Arg.-vasop. 
200 
£ 
2r 
0 20 40 : 140 160 180 200 220 240 260 


Time (min) 
Fig. 3. The relationship between rate of urine flow, Ca excretion and hyaluronidase 


concentration in the urine before and during water diuresis and after intravenous 
infusions of 19 pressor m-u. of PLV, and of arginine-vas Ca excretion, 
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Fig. 4. The relation between calcium excretion and rate of urine flow following 
intravenous infusions of different doses of lysine-vasopressin. Ca excretion, ---. 
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is given in Fig. 2, stressing the similarity of the effects obtained by in- 
jections of lysine-vasopressin with those of a half pressor dose of arginine- 
vasopressin. 


> 
Lys.-oxyt. PLV> 
80 
£ 
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2 200 
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60 100 140. 180 220 
Time (min) 


Fig. 5. The effects of large doses (40 pressor m-u.) of lysine*-oxytocin and of PLV, 
onrate of urine flow, creatinine and calcium excretion, and hyaluronidase con- 
centration in the urine. Ca excretion, ——-—. 
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Fig. 6. The relationship between hyaluronidase concentration in the urine and 
the reciprocal of urine flow in seventeen subjects (seven of the present fifteen and 
ten others). 
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DISCUSSION 

The variation of antidiuretic activity in relation to pressor activity of 
the vasopressins and their analogues examined can be related to the 
differences in composition of the molecules. In Table 1 they are shown in 
ascending order of antidiuretic activity. Starting with oxytocin, which in 
the dose given has no antidiuretic activity, the slight activity of lysine®- 
oxytocin is associated with a change of only one amino acid, lysine® in 
place of leucine®. Considerable further enhancement of activity occurs if 
either phenylalanine® is substituted for isoleucine® in this molecule or if 
leucine® of oxytocin is replaced by arginine*®. Introduction of phenylalanine® 
into arginine-oxytocin, giving arginine-vasopressin, approximately doubles 
its activity. Thus increasing basicity of amino acid, in position 8, would 
appear to be associated with increasing antidiuretic activity, the effect 
being enhanced by the presence of phenylalanine® in place of isoleucine. 
This interpretation agrees with the views expressed by Katsoyannis & 
du Vigneaud (1959). From the observations that the synthetic analogue, 
leucine®-vasopressin (= oxypressin) has a low pressor activity (Katsoy- 


annis, 1957), whereas. arginine®-vasopressin has a high pressor activity, | 


Katsoyannis & du Vigneaud (1959) concluded that, ‘a strong basic amino- 
acid in the side chain is one requirement for high pressor activity’. As 
reported by Acher (1960), the most potent octapeptide in this series of 
analogues is arginine’-vasopressin with 600 pressor u./mg, as compared 
with 300 pressor u./mg. for lysine*-vasopressin, 125 u./mg for arginine®- 
oxytocin and 3 u./mg for leucine®-vasopressin. From the present results 
it would appear that the antidiuretic activity is even more affected by 
changes in the molecule, since this has been expressed throughout in 
relation to pressor activity. oe 
Some indication of the relative importance of amino acids 3 and 8 in 
the various activities of the analogues may be obtained from comparison 
of these and other results with our own. Boissonnas, Guttmann, Jaque- 
noud & Waller (1956) and Berde, Doepfner & Konzett (1957) found that 
replacement of isoleucine by phenylalanine in oxytocin increased the 


negligible antidiuretic activity of the latter ninetyfold. A similar replace- 


ment in lysine oxytocin also considerably increases its antidiuretic activity. 
The basicity of amino acid 8, however, seems of even greater importance, 
for arginine*-oxytocin has an antidiuretic effect similar to that of lysine®- 
vasopressin in terms of pressor units, whereas its pressor activity is only 
125 u./mg compared to 300 u./mg for lysine®-vasopressin. | 
The analogue phenylalanine?-lysine®-vasopressin (= PLV, in Table 1) 
appears to be an anomaly. Its smaller antidiuretic activity may possibly 
be attributed to the presence of two phenylalanines, in positions 2 and 3, 
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for tyrosine?-tyrosine*-oxytocin has been shown to be an antagonist of 
oxytocin (Guttmann, Jaquenoud, Boissonnas, Konzett & Berde, 1957). 

The definite relationship between hyaluronidase concentration and 
reciprocal of urine flow shown in Fig. 6 strengthens the suggestion origin- 
ally made by Ginetzinsky (1958) that it is inherently connected with the 
antidiuretic action of vasopressin. Berlyne (1960) has criticized Ginetzinky 
for expressing his results in terms of u./ml. rather than u./min, on the 
grounds that substances such as creatinine would show a similar relation 
of decreasing concentration with increasing rate of urine flow when the 
total output is constant. This is true also in regard to some substances 
which are largely reabsorbed, as for example sodium and potassium in 
most of the present experiments. Hyaluronidase, however, is in rather 
a special category and variability in excretion rate is so great that no 
convincing relationship with rate of urine flow can be shown. We have 
already reported such a relationship in any individual experiment, and 
although there is a day-to-day variation in any one individual, the 
relationship can be seen in each, as is shown in Fig. 7. At urine flows 
greater than 1 ml./min there is an unmistakable decrease in hyaluronidase 
excretion with increasing rate of flow. Fewer determinations were made 
on the remaining subjects, but a similar relation was found in all of them. 
No further increase occurs in output per minute at rates of urine flow 
lower than about 1 ml./min, and this would rather seem to strengthen 
Ginetzinsky’s view that the hyaluronidase appearing in the urine is a spill- 
over of enzyme not utilized in the walls of the collecting tubules. 

Berlyne (1960) finds no such relationship in any of the three subjects 
studied and his relation between hyaluronidase concentration and rate of 
flow shows a much wider scatter than that seen in Fig. 6.:The most likely 
cause of this different result is some difference in technique, and although 
substrate and standard hyaluronidase were.of different origin in the two 
cases dialysis or lack of it would seem to be of greater importance. Ascorbic 
acid, which reduces the apparent viscosity of hyaluronic acid (McClean & 
Hale, 1941), is likely to be present in varying amounts in different urines— 
and will vary in amount in the boiled control according to its pH, so that 
dialysis with subsequent adjustment of electrolyte concentration should 
provide the more reliable estimate of hyaluronidase content. 

Results now presented indicate that the observed increase in urinary 
calcium is also implicated in the antidiuretic action of vasopressin. 
Howard, Wilde & Malvin (1960) have shown with the stop-flow technique 
in dogs that the site of maximum reabsorption of calcium from the tubular 
fluid is just proximal to that of sodium reabsorption, i.e. proximal to the 
probable site of action of the antidiuretic hormone. It would seem likely, 
therefore, that the increased secretion observed under the action of this 
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hormone is an actual addition of calcium to the tubular fluid. When 
hyaluronic acid is depolymerized, its contained calcium is replaced by 
monovalent cations, but whether diffusion of this calcium into the tubular 
fluid is sufficient to account quantitatively for the observed increase is 
not known. | | 
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Fig. 7. The relationship between hyaluronidase excretion and the reciprocal of 
urine flow in four different subjects. 


SUMMARY 


1. Analogues of oxytocin and vasopressin show different degrees of 


antidiuretic activity when infused in equipressor amounts intravenously 

‘into man during an established water diuresis. Oxytocin has little anti- 
diuretic activity: whereas phenylalanine?-lysine*-vasopressin, lysine’- 
oxytocin, argine®’-oxytocin and lysine® vasopressin, and argine®-vaso- 
pressin show increasing activity, in this order. 


2. The degree of antidiuretic activity is thus largely determined by the 
basicity of amino acid*, with enhancement by phenylalanine’. 

3. The concentration of hyaluronidase found in the urine in these 
circumstances is quantitatively related to the degree of antidiuresis pro- 
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duced; antidiuresis is also related to increased excretion of calcium 
quantitatively in any single experiment. 

4. The results support the view that antidiuretic action involves the 
liberation of hyaluronidase, depolymerizing the intercellular matrix of 


the tubules in the renal medulla so that the tubular fluid comes into 


osmotic equilibrium with the hypertonic tissue fluid. 


We wish to record our thanks to Messrs Sandoz for the gift of PLV,, lysine®-oxytocin 
and lysine®-vasopressin and to Professor R. Acher for the gift of arginine*-oxytocin; to 
Mrs Margaret Harkness for a supply of hyaluronic acid; to Dr L. E. Bayliss for estimations 
of total osmolarity and to all the subjects who gave so generously of their time and patience. 
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THE EFFECT OF ALTERING THE SKIN TEMPERATURE 
OF THE LEGS ON THE FOREARM SWEAT RATE 
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The study of the afferent system upon which the regulation of sweat 
production depends is hindered in many circumstances by circulatory 
adjustments which may alter the thermal topography of the tissues. Thus 
cooling one region is known to produce reflex vasoconstriction elsewhere, 
which may alter the temperature of and temperature gradients within the 
skin of regions other than that deliberately cooled. Since the thermal 
parameter to which the relevant cutaneous thermoreceptors may be sensi- 
tive is unknown, appropriate correction for these effects is impossible. 
The apparent disagreement between the results of Kuno (1956) and Hill 
(1921), for example, may be reconcilable on the basis of secondary effects 
of this sort. 

The difficulty may be overcome by working under conditions in which 


there is no heat exchange from the general body surface. Neither the skin 


temperature nor the thermal gradients within the skin are then affected 


by alterations of the cutaneous circulation, and the effects of cooling one 


region on the rate of sweating from another may be examined on the 
assumption that the output of receptors elsewhere is unaffected by the 

procedure. 
The present paper reports the results of an resi nsaties conducted 
under these conditions, 
METHODS 


' The bath. The subject lay in a rectangular metal tank 170 cm by 60cm by 40 cm deep. 
This was fitted with an overflow pipe standing 37 cm above the base, which determined the 
normal working depth of the water. Stirring was provided by a pump situated at one side 
near the subject’s feet. Water taken in at this point was delivered through a closed loop of 
copper pipe which ran round the bath about 5.cm below the surface of the water, and which 
was drilled at intervals to distribute the water. Supplies of hot and cold water were led 
through control valves to pipes terminating near the pump inlet. The temperature of the 
bath was held equal to the subject’s mouth temperature by manual adjustment of the 
water supplies. 

The subject’s head was above the water and was enclosed in an insulated box fed with 
saturated air at the same temperature as the bath water. False walls of aluminium foil 
were hung inside the box so that the temperature of the surfaces surrounding the subject's 
head might be assumed to be close to that of the bath. No direct measurement of the rate 
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of air flow through the box was made, but when ventilation with saturated air at mouth 
temperature was begun, the skin temperature of the face rose exponentially with a time 
constant of about 0-7 min. 

Temperature measurement. All temperatures were measured by copper-constantan 
thermocouples wired in groups of five in series, the outputs being fed to a recording poten- 
tiometer. The reference junctions were immersed in tubes filled with liquid paraffin and held 
in a well stirred water-bath controlled to + 0-01° C. The recorder was sensitive to a potential 
representing 0-02° C, and results have been expressed throughout to the nearest 0-05° C. 

The free couples of the mouth thermometer were individually insulated and passed into 
small holes drilled in a light alloy cylinder 1-5 cm long by 0-5 cm diameter, which could be 
comfortably accommodated under the tongue. When this was put in place, the recorded 
temperature rose exponentially with a time constant of about 0-6 min. The maximum rate 
of change of mouth temperature in the experiments was about 1-8° C/hr or 0-03° C/min. 
Errors due to the thermal lag of the thermometer thus do not exceed the other errors of the 
method. This assessment does not include the thermal lag of the tissues of the mouth except 


in so far as this is included in the dynamic calibration of the thermometer at a steady mouth 
temperature. 


Sweat rate. Sweat was collected by passing a stream of dry air through a capsule covering 
12 cm? of the volar surface of the right forearm. The capsule was located on successive days 
by reference marks tattooed into the skin. A flow of 3 1./min was found sufficient to evapo- 
rate all the sweat produced at the highest rates. The effluent air from the capsule was passed 
through desiccating tubes, which could be weighed at intervals. Ventilation of the capsule 
was constant throughout and between collection periods, which normally lasted 4 min. 


RESULTS 
Effect of cooling the legs 

The first series of experiments, on subject D.K. only, was designed to 
compare the forearm sweat rate when the legs were cooled with the 
reference state in which the legs were not cooled, With the legs immersed 
and the bath temperature equal to the mouth temperature, the skin 
temperatures of all regions except the area under the sweat capsule were 
found to be equal to the bath and mouth temperatures, and all temperatures 
rose fairly steadily at about 1-8° C/hr. It was found that in this condition 
the sweat rate from the sample area of forearm was approximately linearly 
related to the bath, mouth and skin temperature over the range 37- 
38° C. The legs were cooled by raising them out of the water and supporting 
the heels on a padded shelf. The degree of cooling could be varied by 
varying the air movement over the exposed wet skin of the legs and feet. 
Collection of sweat was begun 1 min after raising the legs out of the bath, 
and continued for 4 min. Observations in which the legs were cooled were 
alternated with ones in which the legs were immersed, the timing of the 
sweat collection being similar. 

Results were analysed by plotting sweat rate against temperature (of 
bath, mouth and skin). A straight line was drawn through the reference 
points (those in which the legs were not cooled) and it was possible from 
this line to interpolate the sweat rate which would have been expected in 
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the other cases had the legs not been cooled. The difference between the 
sweat rate so interpolated and the observed rate was taken as the depression 
of sweat rate for the situation concerned. The difference between the bath 
_ temperature and the mean skin temperature of the legs during the period 
of sweat collection was taken as the depression of skin temperature of the 
legs. 

The cooling was associated with a change in posture, which might be 
expected to produce a change in sweat rate either of fixed magnitude or 
depending on the existing sweat rate. Thus the depression of sweat rate, 
AS, might be related to the depression of leg temperature, A7’, according 
to an equation of the form 


AS = AT+P+pS, 


where P is a constant change due to the posture and pS is a change in 
sweat rate due to posture which is proportional to the sweat rate, S. The 
effects of posture would appear as significant terms in a double regression 
of AS on AT and S, but in practice neither term was significant. A simple 
regression of AS on AT’ gave a regression coefficient of 0-44 + 0-08 (s.£.) 
with an insignificant intercept, suggesting that the postural effects were 
negligible, and the best line through the origin had a slope of 0-48. This 
relation is shown in Fig. 1. 


Effect of arresting the circulation to the cooled legs 


The second series of experiments compared the effect of cooling the 
legs with their circulation arrested and free. The circulation was arrested 
by inflating large cuffs round the thighs to 200 mm Hg. When the legs 
were cooled with their circulation free, the skin temperature fell rapidly 
at first, but soon levelled off and there was little change during the 3rd to 
5th minute. The sensation of cooling followed a similar course, being 
scarcely appreciable by the end of the period. With the circulation arrested, 
_ the fall in skin temperature continued throughout the period of cooling, 
and the sensation remained fairly constant. 

The experiment required four types of observation, which were presented 
in a formal block of 6 experiments on each of 3 subjects. Each experiment 
consisted of 3 reference observations (legs immersed, thigh cuffs not 
inflated) between which were interposed observations under two of the 
following conditions: legs cooled, circulation free; legs cooled, circulation 
arrested; circulation arrested, legs not cooled. Each pair of these con- 
ditions was applied in each order, so that 6 experiments were carried out 
on each subject. The results for subject D.K. are shown in Fig. 2, from 
which it will be seen that cooling the legs with their circulation free always’ 
depressed the sweat rate, but that cooling the legs with their circulation 
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arrested did not depress the sweat rate. Arresting the circulation to the 


uncooled legs was also without effect. Results on the other two subjects 
were similar. 
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Depression of skin temperature of legs (°C) 


Fig. 1. The effect of cooling the legs on the forearm sweat rate. The method of 
calculation of the depression of sweat production is described in the text. 


The findings are summarized in Table 1, which shows the mean de- 
pressions of sweat rate for the three subjects in each situation. The small 
increases of sweat rate occurring in the situations in which the circulation 
was arrested are not statistically significant. At temperatures above 
38° C the rate of increase of sweat rate with temperature becomes smaller, 
and the relation is probably curvilinear over the range used for the present 


experiments. If so, and if there were, in fact, no change in sweat rate in 


the situations referred to, the method of calculation used would give small 
negative depressions in these cases. 


Forearm sweat rate (me/min . 12 cm2) 
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Forearm sweat rate (mg/min . 12 cm?) 


i 
37°4 37°8 


1 


Treatment of legs 
Cooled, circulation free 


Cooled, circulation arrested 
Not cooled, circulation arrested | —0°15 


j 
37:2 38-0 


Mouth and bath temperature (°C) 


Fig. 2. The effect of cooling the legs on the forearm sweat rate. O, legs cooled, 
circulation free; [], legs cooled, circulation arrested; A, circulation arrested, 
legs not cooled; @, circulation free, legs not cooled. 


TaBLE 1, Depression of forearm sweat rate associated with different treatments of the legs. 
Depression of sweat rate is referred to the situation in which the legs were not cooled, 
neither was their circulation arrested. Means of 12 observations on 3 subjects 


Depression of 


forearm sweat rate 


(mg/min. 12 cm?) 


2-74 
— 0°36 


DISCUSSION 


The results presented in Table 1 suggest that cooling the legs depresses 
the forearm sweat rate, and that this effect is abolished when the circulation 
to the legs is arrested. This could be explained most simply by supposing 
that the thermoreceptors in the skin of the legs do not contribute to the 
control of forearm sweat rate, and that the return of cool blood from the 
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legs to the general circulation accounts for the depression of sweat rate 


which accompanies cooling of the legs when their circulation is free. 


Since evaluation of the depression is made with reference to mouth 
temperature, the depression itself must be referred to the rate of change 
of mouth temperature. When the circulation is free, cooling the legs 
reduces the rate of rise of mouth temperature, whereas when the circulation 
is arrested, cooling is without effect on this. The effect of rate of change 
of mouth temperature may be ascribed either to a direct action on the deep 
temperature-sensing mechanism, or to a hypothetical difference between 
the recorded mouth temperature and the hypothalamic temperature, a 
difference which might well be expected to depend on the rate of change 
of either. The results of Benzinger (1959) suggest that the rate of change of 
deep temperature has no direct action on the sudomotor system, and the 
latter explanation is therefore to be preferred. 

Although the present results support Benzinger’s contention that 
cutaneous thermoceptors are not concerned in the control of sweat rate, 
this proposition is hard to sustain when the results of Nielsen (1938), 
Robinson (1949), Lind (1960) and others are considered. These investiga- 
tions show that at constant work rate in the steady state, sweat rate is 
_ linearly related to skin temperature, and deep temperature is constant 
over a wide range of environments. The deep temperature measured was 
that of the rectum, and not that of the hypothalamus, but it is hard to 
believe that hypothalamic temperature changed over the required range 
while rectal temperature remained unaltered. Moreover, Kerslake (1955) 
found that the increase of sweat rate with skin temperature was scarcely 
affected by large changes of deep (mouth) temperature. 

The conclusion from the present results that the thermoreceptors of the 
legs do not contribute to the control of forearm sweat rate rests on the 
assumption that the output from such receptors would be altered by 
removing the legs from the water-bath and cooling them with their circu- 
lation arrested. This is not necessarily so. Bazett (1951) postulated re- 
ceptors controlling sweat rate which were stimulated by a temperature 
difference between arterioles and venules situated at a very similar depth 
in the skin. Such receptors would have no output in the reference state, 
since no heat was lost from the skin. With the circulation arrested the two 
sets of vessels would rapidly approach the same temperature, whatever 
the heat loss, so that the receptor output would again be zero. Equilibra- 
tion of temperature.might well take place within the first minute of cooling, 
and the sweat produced during this minute in the present experiments was 
neither measured nor included in the rate observed during the period of 
cooling. 

Alternatively, it may be supposed that the receptors are sensitive to rate 
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of heat loss, giving zero output for zero heat loss, and that they or the 
nerves supplying them cease to give an output after arrest of the circulation 
for 1min. Such rapid failure has not been observed in other receptors 
or nerves, and this explanation seems improbable. 

It is concluded that the experiments described in this paper fail to 
demonstrate the existence of thermoreceptors in the skin of the legs which 
contribute to the control of the forearm sweat rate, but that the absence 
of such receptors need not necessarily be inferred. 


SUMMARY 


1. Subjects were immersed in water at mouth temperature, the head 
being surrounded by saturated air at this temperature. Sweat rate was 
measured from a small area of the forearm. 

2. Forearm sweat rate varied approximately linearly with body tem- | 
perature over the range 37-38° C. 

3. Cooling the legs was found to depress the forearm sweat rate. 

4, When the legs were cooled with their circulation arrested there was 
no depression of forearm sweat rate. : 

5. It is concluded that the results fail to demonstrate the existence of 
thermoreceptors in the skin of the legs which contribute to the control of 
forearm sweat rate, but that the absence of such receptors ne not 
necessarily inferred. 
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THE RESPONSE OF DE-EFFERENTED MUSCLE SPINDLE 
ENDINGS IN THE CAT’S SOLEUS TO SLOW EXTENSION 
| OF THE MUSCLE 


By R. J. HARVEY* anp P. B. C. MATTHEWS 
From The University Laboratory of Physiology, Oxford — 


(Received 24 February 1961) 


The relation between the frequency of discharge of a muscle spindle 
ending and the extension applied to the muscle has been studied under 
various conditions (Eldred, Granit & Merton, 1953; Granit, 1958; Granit & 
Homma, 1959a; Whitteridge, 1959; Eldred, Lindsley & Buchwald, 1960). 
There has not, however, been any comparison of the properties of the 
primary and of the secondary afferent endings of the muscle spindle in 
this respect; nor is it known whether Whitteridge’s finding for spindles in 
eye muscles, that intrafusal fibre contraction may increase the sensitivity 
of an ending to stretch, also holds for either the primary or the secondary | 
endings of spindles in limb muscles. These points have, therefore, been 
investigated in the present work. The frequency-extension relations were 
determined under dynamic conditions by recording the discharge of an 
ending while the muscle was slowly stretched at a constant velocity. The 
use of this method showed incidentally that for de-efferented spindles 
the response of primary endings to the phasic component of the stretch is 
much more marked than that of secondary endings. This confirms the 
findings of Cooper (1959) for spindles with an intact motor supply. 


METHODS 


Preparation. The experiments were performed on 23 cats. One was decerebrated and the 
rest were anaesthetized with pentobarbitone sodium (Nembutal; Abbott Laboratories) | 
_ given intraperitoneally. The discharge of single afferents from muscle spindle endings lying 
in the right soleus muscle was recorded from thin dorsal root filaments. Soleus was completely 
isolated from the spinal cord by cutting the L6, L7, 81 and S2 dorsal and ventral roots. 
The nerves to most other leg and hip muscles, including the lateral head of gastrocnemius, 
were cut. 

Myography and application of stretch. The right tibia was fixed rigidly by pins and the 
tension in soleus recorded fromthe cut Achilles tendon by an isometric myograph which 
could be moved so as to extend soleus. The movement was at constant velocity, variable 
from about 0-5 mm/sec to about 9 mm/sec, and was produced by a screw thread driven by 
a speed-controlled motor. The extension was monitored by means of a microswitch which 
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was momentarily closed by a cam once per revolution of the screw thread (0-8 mm extension 
of the muscle). A rate of stretch in the range 2-3-3 mm/sec (usually 2-7 mm/sec) was used 
for most of the observations. The extension applied was most often 10-14 mm, but in a 
quarter of the cases a stretch of 16-19 mm was used. The final extension corresponded 
approximately to the maximum extension possible in situ, though it was fairly often a few 
millimetres beyond this, particularly when the larger extensions were used. The initial 
tension was usually only a few grams and, particularly when large extensions were used, the 
muscle hung slack at the initial length in the absence of ventral root stimulation; in all cases 
the initial passive tension was less than 100 g. There was no systematic difference between 
the extensions applied while studying primary and secondary endings respectively. 


(a) 


1 


(d) 


Fig. 1. Example of the type of record on which most of the measurements were 
made, showing the response of a primary ending (afferent fibre conduction velocity 
95 m/sec) to slow extension (2-9 mm/sec}. (a) tension in muscle; (b) discharge of 
single muscle spindle afferent; (c) output of dekatron scaler also recording afferent 
discharge, and giving a srnall pulse for every fifth impulse and a large pulse for every 
tenth impulse; (d) signal lights monitoring extension, upper light turned on at 
beginning of extension and off when the full extension was applied, lower light 
flashed once for each 0-8 mm increase in the extension. Initially the tension was 
less than 10 g and the muscle was slack. Final extension approximately 10 mm. 
(Records retouched.) 


Recording. Two cathode-ray tubes were used. Their sweeps were stopped and their static 
spots photographed simultaneously on moving paper (usually at 3-5 cm/sec). The four beams 


_ available were used to display the following: (1) the amplified action potentials of the single 


afferent fibre studied; (2) the output of a dekatron scaler, of which the input was fed with 
the action potentials of the single afferent fibre (Harvey, Kay & Matthews, 1960) and which 
gave a pulse for every fifth and every tenth action potential; (3) the output of the myo- 
graph; and (4) time pulses. Most of the apparatus and experimental technique were the 
same as in two related preceding investigations and further experimental details were then 
published (Matthews, 1959; Harvey & Matthews, 1961). 

Measurement of records. Figure 1 shows a typical record of the response of a primary 


- ending to slow extension of soleus. The relation between the frequency of discharge of the © 
_ ending and the extension applied to the muscle was determined during the period of stretching 


by counting the number of impulses in periods of 0-25 or 0-5 sec, centred on the signal marks 
corresponding to alternate revolutions of the screw thread (i.e. at extension intervals of 
1-6 mm); the periods of measurement did not overlap. The spikes were counted with the 
help of the scaler; sometimes it. was impossible to count individual spikes at all, and the 
scaler alone was used. The discharge produced by the maintained extension on the com- 
pletion of the stretching was measured over a period of 0-25 sec, centred 0-5 sec after the 
completion of the stretching when the frequency of discharge of the endings was only 
decreasing slowly with time. The frequency of discharge occurring when the extension was 
nearly complete was measured over a period of 0-25 or 0-1 sec and as late in the stretch as 
possible, so that it corresponded approximately to the maximum frequency ae get 


500 
| 
| 0-5 sec 
4 
q 
} 


372 R. J. HARVEY AND P. B. C. MATTHEWS 


stretching. It will be noticed that in the example illustrated in Fig. 1 the discharge of the 
ending did not immediately accelerate at the apparent beginning of the period of stretching. 
This was because at the low initial tension used there was initially some slack between the 
links connecting the muscle to the myograph, and this had to be taken up before the 
muscle actually began to be extended (see Granit, 1958; Matthews, $909). Thus no purmedler 
reliance should be placed on the first few millimetres of the passive frequency 

relations. 

Identification and classification of endings. Muscle spindle afferents were identified on. the 
basis of their behaviour during a twitch of the muscle elicited by stimulation of the muscle 
nerve (Matthews, 1933). They were classified as primary or secondary endings on the con- 
duction velocity of their afferent fibres, measured by stimulating the muscle nerve and 
recording the impulse thereby evoked in the dorsal root filament. The conduction distance 
was measured at the end of the experiment by dissecting out the sciatic nerve and its attached 
dorsal roots. For clarity in description of the results it has been arbitrarily assumed that 
afferents conducting above 72 m/sec supplied primary endings, and those conducting at or 
below 72 m/sec supplied secondary endings (Hunt, 1954). This classification is unlikely to 
correspond exactly with any histological classification, but appears to be the best that can 
be done at the moment, as no consistent functional difference between the two kinds of 
ending has been established (Matthews, 1933; Hunt, 1954; Harvey & Matthews, 1960, 1961). 
In addition, graphs were plotted relating various properties of the endings to the conduction 


behaviour of primary and secondary endings even if the dividing line between them (in 
terms of afferent-fibre conduction velocity) is not sharp, for it is probable that the afferents 
from primary endings are on average of appreciably greater diameter than those from 
secondary endings (Ruffini, 1898; Barker, 1948; Hunt, 1954; Eccles & Lundberg, 1959). 


secondary endings. The distribution of the conduction velocities of their afferent fibres may 
be seen in Figs. 3 and 6. 

Ventral root stimulation. The behaviour of some of the oncings was studied during stimula- 
tion of ventral root filaments, These were stimulated with ‘square’ pulses of 0-1 msec 
duration, isolated from earth. The stimuli were supramaximal for eliciting a contraction 
and were never less than 4-5 times threshold for the most excitable « fibres, and usually 
more. They probably excited most or all of the y motor fibres in the filament, for under the 
present stimulating conditions the threshold of the y fibres appeared to be lower, relative to 
that of the « fibres, than in the muscle nerve. 

Most often whole ventral roots were stimulated (L7 or 81), but subdivisions of a ventral 
root were also frequently used. The tension produced in the soleus on tetanic stimulation of 
the filaments used varied from 2-5 kg to a few grams. Very often an ending might be excited 


response to stimulation of several different subdivisions of one root were studied. The effect 
of stimulation of a given portion of ventral root was, however, only investigated when the 
stimulation had an obvious excitatory effect on the ending during an isometric tetanic con- 


out of 35 for which they were sought. 

Post-excttatory facilitation. Occasionally the resting discharge of an ending (almost 
always a primary ending) increased after a period of y fibre stimulation (usually accompanied 
by « fibre stimulation). The after-effect of y fibre stimulation persisted for several minutes 
and seemed to be the same as that previously described by Hunt & Kuffler (1951) as post- 
excitatory facilitation and attributed by them to a ‘plastic’ change in the spindle. The 
facilitation could be abolished by stretching the muscle (Hunt & Kuffler, 1951), and the 
results for passive spindles described i in the as paper were obtained in the absence of 
post-excitatory facilitation. 


velocities of their afferent fibres. This should display any systematic difference between the — 


Altogether 55 endings were studied of which 35 were classified as primary endings and 20 as" 


by stimulating both L7 and 81 and both these might then be studied; in some cases the . 


traction. Excitatory effects were detected for all but 5 endings (3 primary, 2 secondary) 
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RESULTS 
Passive responses 


Response during stretching. The frequency of discharge of all the muscle 
spindle endings studied increased progressively with the extension while 
soleus was being slowly extended. Figure 2 shows typical frequency— 
extension relations found for a primary ending (above) and a secondary 
ending (below) during the period of stretching. In both cases the frequency 
of discharge increased approximately linearly with the extension, the 
slope being 8-2 impulses/sec/mm for the primary ending and 4-3 impulses/ 
sec/mm for the secondary ending. It will be noticed also that the primary 
ending was discharging steadily at the initial length used (initial tension 


about 10g), while the secondary ending did not start to discharge. until 


an extension of about 1 mm had been applied, when the tension was about 
50 g. Such a difference was typical, for of 36 primary endings only 3 were 
not discharging at an initial tension of 10 g or less (these three had threshold 
under 30 g), while of 21 secondary endings only 4 were excited by a tension 


_ below 10g, and 7 had thresholds of over 100 g (threshold tension determined 


during extension of 2-3 mm/sec). 


The higher threshold to tension of the secondary endings has been previously described 
by Hunt (1954). The mean value of the tension threshold (93 g) in the present experiments 
was higher than that found by Hunt (19 g), in spite of the fact that the present dynamic 
determination of threshold would be expected to give a slightly lower value than Hunt’s 
determination of static threshold for maintained firing. Perhaps Hunt cleaned the soleus 
muscle from surrounding tissue more thoroughly than we did, in which case a given tension 
applied to the muscle would extend it further, and so would excite its muscle spindles more 
strongly. | 

The frequency-—extension relation was determined for 55 endings (35 
primary, 20 secondary), and for all but one a reasonably straight line 
could be fitted by eye to the upper part of the frequency—extension relation. 
Figure 3 shows each value of slope obtained thereby, plotted against the 
conduction velocity of the afferent fibre of each ending. There is no marked 
or abrupt difference between the slopes of endings with afferents of high 
conduction velocity and those with afferents of low conduction velocity. 
If, however, an afferent-fibre conduction velocity of 72 m/sec is taken to 
separate primary and secondary endings, then the mean slope for the 
primary endings is slightly higher than that for the secondary endings 
(7-6 and 6-0 impulses/sec/mm respectively). Though this difference is 
just statistically significant (0-05 > P > 0-01, by the ¢ test), the probably 
more important finding is that the values of slope for primary and secondary 
endings overlap so greatly. 


The values of slope already given were obtained on stretching soleus at between 2-3 and 
3 mm/sec. Three-quartérs of the endings were also studied with a higher rate of stretch 
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x 


Impulses/sec 


Extension (mm) 


Fig. 2. Examples, for a primary and for a secondary ending, of the relation 
found between the frequency of discharge and the extension during a slow stretch. 
The discharge of the primary ending (above, afferent fibre conduction velocity, 
~ 88 m/sec) and of the secondary ending (below, afferent fibre conduction velocity 
' 45 m/sec) were recorded simultaneously while applying an extension of 13 mm at | 
3-0 mm/sec. Abscissa, extension applied at any moment, the arrow marks the dis- 
charge found when the full extension had been maintained for 0-5 sec. Ordinate, 
frequency of discharge of the endings (measured over a period of 0-25 sec). 
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Conduction velocity 
Fig. 3. Scatter diagram relating the slope of the dynamically obtained frequency— 
extension relations of 54 endings to the conduction velocities of their afferent fibres. 


(The different results were obtained on stretching at rates between 2-3 and 3-0 mm/ 
sec.) 
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(usually 7 mm/sec). Increasing the rate of stretch to this limited extent usually produced 
only a small increase in the frequency of discharge at any extension (mean increase 13 %, 
when the extension was nearly complete). The slope of the frequency—extension relation 
tended to be slightly greater for the quicker stretch (mean increase 14 %), but sometimes the 
linear upper part of the frequency—extension relation was displaced slightly upwards without 
any appreciable change in its slope. No clear difference was observed between the behaviour 
of primary and secondary endings on increasing the rate of stretch in the limited range 
tested. In a few cases lower rates of stretch (down to 0-5 mm/sec) wére used, and then the 
slope tended to be slightly less than at the standard rate of 2-3 mm/sec. Thus the values of 
slope already given must have depended upon the choice of 2-3 mm/sec as the standard 
rate of stretch, but the results obtained would not have been markedly different if a slightly 
higher or a slightly lower rate of stretch had been used. At higher rates of stretch than were 
available for the present experiments large effects would be expected on increasing the 
velocity of stretch, at any rate for the primary endings (Matthews, 1933; Lippold, Redfearn 
& Vuéo, 1958; Granit & Homma, 19596; 8. Cooper, unpublished). 


Slowing of discharge on completion of extension. During the period of 
stretching the endings were presumably responding to both the static and 
the dynamic components of the extension. The relative importance of 
these two factors could be roughly assessed by observing the behaviour 
of an ending when the dynamic phase of stretching ceased and the final 
extension was maintained. The frequency of discharge of most endings 
then fell immediately and 0-1—0-2 sec later reached an approximately 
constant level which thereafter fell only very slowly, usually by less than 
5% in the next 1-5 sec. It is of great interest that the initial slowing was 
usually much less for secondary endings than it was for primary endings. 
This difference in behaviour between the two kinds of endings is illustrated 
in Fig. 4 by records obtained under similar conditions from a single 
experiment showing the responses of a primary and of a secondary ending 
- on completion of the extension. Figure 5 demonstrates graphically that, 
though the primary ending fired at a higher rate than the secondary ending 
during the dynamic phase of the extension, on completion of the extension 
the position was reversed. 


In order to compare the responses obtained for different endings, th 
slowing-on completion of the extension was expressed as a percentage of 
the increase in discharge, over the resting rate, produced by the stretching 
when it was nearly complete. This arbitrary measure was used because 
it indicates the relative importance of the static and dynamic sensitivities 
of an ending in determining its response to the full extension. If an ending 
were entirely insensitive to the dynamic component of the stretch the 
value would be 0%; while if an ending were sensitive only to the dynamic 
component of the stretch, the value would be 100%. Figure 6 shows the 
values obtained for the whole series of endings studied ; and confirms that 
endings. with small afferent fibres were less sensitive to the dynamic > 
component of the stretching than were endings with large afferent fibres. 
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Fig. 4. Records illustrating the greater sensitivity of primary endings, as com- 
pared to secondary endings, to the dynamic component of the extension. Top, 
tension in muscle; middle, response of a primary ending (afferent fibre conduction 
velocity 112 m/sec); bottom, response of a secondary ending (afferent fibre 
conduction velocity 39 m/sec). The records show the completion of an extension of 
14mm applied at 2-7 mm/sec. The arrow indicates the point at which the dynamic 
phase of stretching ceased, and when the final extension was maintained. Both 
endings lay in the same muscle of the same preparation. Their responses were 
recorded separately in response to identical extensions, so that only one tension 
record has been included. (Records retouched.) . 


120 F 


Impulses/sec 


Extension (mm) 


Fig. 5. The full responses to slow stretch of the endings of Fig. 4 shown graphically 


to confirm their difference in phasic sensitivity. Abscissa, extension applied at 
any moment, the arrow marks the discharges found when the full extension was 
maintained (0-5 sec for upper point, 1-5 sec for lower points). Ordinate, frequency 
of discharge of endings: x, primary ending; @, secondary ending. The upper 


curves were obtained during stretching. The lower curve was obtained for the 


' secondary ending while the muscle was being released; the primary ending did 


not then fire at all. 
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If the dividing line between primary and secondary endings is taken as_ 
an afferent-fibre conduction velocity of 72 m/sec, then the mean value of 
the percentage slowing for secondary endings was 11 % (s.E. of mean, 
19%, 20 observations) while that for the primary endings was 38% 
(s.z. of mean, 2°3%, 35 observations). The difference between these mean 
values is highly significant (¢ test, P < 10-), | 
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Conduction velocity (m/sec) 


Fig. 6. Scatter diagram relating the phasic responses of 55 endings to the con- 
duction velocities of their afferent fibres. Abscissa: conduction velocity of the 
afferent fibre of each ending studied. Ordinate: the slowing of the discharge of 
each ending on completion of the dynamic phase of stretching; this is expressed as 
a@ percentage of the increase in discharge, above the initial rate, occurring when 
the extension was nearly complete. This value gives a rough indication of the 
‘importance of the phasic sensitivity of the ending, relative to its static sensitivity, 
in determining its response to a long slowly applied stretch as this is nearing 
completion. (Rate of stretch, 2-3-3-0 mm/sec. Total extension, 10-19 mm. See 
text for discussion.) ; 


The value found for endings with afferents of comparable conduction 
velocity varies, but no particular significance should be attached to the 
precise values obtained, for they presumably depended upon both the 
initial and the final values of the extension employed in each case. There 
was, however, no systematic difference between the extension applied to 
primary and to secondary endings. When, for different endings, the slowing 
of discharge on completion of extensions was compared in terms of its 
absolute value, in impulses/sec, the differences between primary and 
secondary endings were equally clear. The observations were made on 
stretching at 2-3 mm/sec, but the dynamic response of primary endings 
was still prominent in those cases in which the rate of stretching was 
decreased to 0-5 mm/sec. Thus, though the percentage slowing, as defined 
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here, is a rather arbitrary index, the values obtained are thought to show 
a genuine difference in phasic sensitivity between primary and secondary 
endings. 

A difference in phasic sensitivity of primary and secondary endings was 
qualitatively apparent also on applying a rapid stretch by pulling the myo- 
graph by hand or by tapping the tendon hook. In both cases the consequent 
increase in the frequency of discharge was more obvious for primary than 
for secondary endings, but no systematic or quantitative comparisons 
were made. Results of interest in this respect have recently been obtained 
by Cooper (unpublished). 

Response to maintained extension. Incidental observations were made 
on the frequency of discharge of 18 endings when a series of different 
extensions was maintained, and the resulting frequency—extension rela- 
tions were compared with those obtained for the same endings during 
stretching. The discharge was measured when it had settled to a relatively 
constant value about 0-5 sec after the stretching had been stopped and 
a constant extension was maintained. The extension was sometimes 
applied by hand by rapidly pulling the myograph back against a fixed 
stop, and sometimes more slowly by the ‘stretcher’ which was stopped at 
a series of different extensions. The two methods gave similar results. 
For 7 secondary endings the frequency—extension curves obtained for 
static stretch were similar to those obtained from the same endings during 
slow stretching. This would be expected, because for secondary endings 
the fall in frequency of discharge on completion of the extension is usually 
small (Fig. 5). The static relation was, however, usually slightly below 
the dynamic relation, and tended to be of slightly lower slope (mean value 
91% of slope of dynamic relation, range 78-143 %). This is a sufficiently 
small difference for the results of Fig. 3 obtained by the dynamic method 
to be taken as applying approximately to the static behaviour of secondary 
endings. For 11 primary endings, however, the relation of the static curve 
to the dynamic curve was very variable, and illustrated their greater 
sensitivity to the dynamic component of the stretch. The static frequency 
extension relation of these primary endings was often well below the 
dynamic relation and their slope was on average only 59 % of that of the 
dynamic relation (range 25-143%). The results of Fig. 3 for primary 
endings cannot, therefore, be taken to apply to their static responses. 

On the limited results available there is, however, no reason to suppose 
that there is any large and systematic difference in the slopes of the 
static frequency—extension relations for primary and secondary endings. 
The mean value for the 7 secondary endings was 5-4 impulses/sec/mm 


(range 2-5-8-4) and for the 11 — endings was 6-1 impulses/sec/mm 
(range 1-4—15-1). 
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Behaviour during release of stretch. The behaviour of primary and secon- 
dary endings during the release of the stretch at constant velocity was 
strikingly different. Typical responses are shown in Fig. 7, in which it can 
be seen that the discharge of the primary ending stopped abruptly at the 
very beginning of the release, while that of the secondary ending con- 
tinued during several millimetres of release. Figure 8 correlates, for the 
whole series of observations, the response of each ending during release 
with the conduction velocity of its afferent fibre. Of 20 presumed secondary 


endings 19 fired on release, while of 35 presumed primary endings only 


0-5 sec 


Fig. 7. Records illustrating the contrasting behaviour of primary and secondary 
endings on release of the extension. Top, tension in muscle; middle, discharge 
of a primary ending (afferent fibre, 112 m/sec); bottom, discharge of a secondary 
ending (afferent fibre, 39 m/sec). The records show the first part of the release of the 
muscle from an extension of 14mm. The arrow indicates the beginning of the 
release, which was at 2-7 mm/sec but which did not reach this velocity until after 
about 0-2sec. Both endings lay in the same muscle but their responses were 
recorded separately to identical extensions. Figs. 4 and 5 derived from the same 
endings. (Records retouched.) 


; 
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Conduction velocity (m/sec) 


Number 
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Fig. 8. Histogram relating the behaviour of 55 endings during release of the 
extension to the conduction velocity of their afferent fibres. Abscissa: conduction 
velocity of afferent fibre. Ordinate: above, number of endings firing during the 
release of the extension (most endings fired for several millimetres of release); 
below, number ‘of endings not firing during release of the extension (none of these 
endings fired more than three impulses after beginning to release the muscle at 
2-3 mm/sec and any such impulse would be in the first 0-1 sec; most fired none). 
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7 did so, and 3 of these fired a few impulses only. This difference is statis- 
tically significant (y? test, P < 0-01). Secondary endings were not, how- 
ever, completely unaffected by whether they were being stretched or re- 
leased, for their frequency of discharge at any extension was always less 
during release than during stretching (Fig. 5). The magnitude of the dif- 
ference between the stretch and release frequency—extension relations of 
different secondary endings varied greatly. 

The results of Fig. 8 were obtained on releasing at 2-3 mm/sec, but when 
higher (7 mm/sec) or lower (0-5-1 mm/sec) velocities of release were tested 


the behaviour of any ending at the beginning of release was usually un- _ 


altered. However, if still faster releases were to be used more endings 
might be expected to be silent on release, and if still slower releases were 
to be used more endings might be expected to fire. The behaviour on 
release was also relatively independent of the final extension applied, which 
was approximately physiological full extension or a few millimetres more. 
But if larger final extensions had been used it seems probable that more 
of the primary endings would have fired on release. In a later experiment 
- (not included in the present series) the responses of two primary endings 
were studied on progressively increasing the final extension. They began 
to fire on release when the final extension was 6-8 mm greater than that 
possible in situ, when the passive tension in soleus was 2-5-3-4kg. The 
primary endings of Wig. 8, which fired on release, did so for extensions 
which produced much less tension in soleus (360-1050 g). Yet, however the 
various endings might have behaved under other experimental conditions, 
under the present conditions the responses during release of primary and 


secondary endings differed sufficiently clearly to show a systematic - 


difference in their properties. 


Finally, it should be mentioned that the behaviour of different endings 


on completing the extension and on beginning to release the extension did 
hot appear to be continuously graded with conduction velocity of the 
afferent fibre. Rather it appeared probable that there were two distinct 
populations with different behaviour and a fairly sharp transition between 
them in terms of conduction velocity. For, as is illustrated in Fig. 9, 
endings with afferent fibres quite close to the arbitrary dividing line 
(conduction velocity 72 m/sec) might show quite different behaviour, 
characteristic of the main mass of either primary or secondary endings. 
Absence of effect of anaesthetic. 54 out of the 57 endings were studied in cats anaesthetized 
with pentobarbitone sodium, and it might be suggested that the anaesthetic had significantly 
altered the response of the endings to slow extension of the muscle (cf. Matthews, 1933). 
To investigate this possibility the responses of three endings (a primary and two secondary 
endings) to passive stretch were studied in a decerebrate cat (with the dorsal and ventral 


roots cut as usual), and the cat was then given a full anaesthetic dose of pentobarbitone 
(40 mg/kg, intraperitoneally). This did not cause any significant change in the threshold 


‘ 
tens 
Wy 
rele 
the 
obs 
exp 
end 
par’ 
enc 
. 
in t 
pro 
hi 
filay 
infl 
gate 
. 


Ce 


SLOW STRETCH OF MUSCLE SPINDLES 381 


tensions of the endings, in the form or position of their frequency—extension relations, in the 
fall in the rate of their discharge on completion of the extension, or in their behaviour on 
release. There was no doubt that the anaesthetic was absorbed, since the pinna reflex and 
the decerebrate rigidity had almost completely disappeared 15 min after its injection, while 
observations on the endings were continued for a further 25min. Earlier in the same 
experiment the effect of ether anaesthesia (by inhalation) was studied on the same three 
endings and a similar absence of effect was found; sufficient ether was given temporarily to 
paralyse the respiration and to abolish the rigidity. It may also be noted that these three 
endings were under observation for just over 3 hr without showing any appreciable change 
in their responses, which suggests that the responses studied reflected relatively constant 


_ properties of the endings. 


Fig. 9. Records obtained during stretch and release of a primary ending with a 
relatively small afferent fibre (conduction velocity 83 m/sec), and of a secondary 
ending with a relatively large afferent fibre (conduction velocity 65 m/sec). The fact 
that the phasic responses of these endings differ so markedly while the conduction 
velocities of their afferent fibres do not is in favour of muscle spindle endings being 
of two functionally distinct kinds, classifiable by the conduction velocity of their 
afferent fibres, rather than having properties varying continuously with the size 
of their afferent fibre. (Records obtained from two different preparations. Rate of 
stretch 2-3 mm/sec in both cases. Records retouched. 1 sec portion removed 
from record of secondary ending.) 


Response during ventral root stimulation 


The response of a number of endings to slow stretch was also studied 
while they were being excited by ventral root stimulation. The ventral root 
filaments stimulated were large and contained both « and y motor fibres, 
so that the response of an ending during stimulation was probably 
influenced by the contraction of extrafusal muscle fibres (Matthews, 1933), 
as well as by contraction of its intrafusal muscle fibres. None the less the 
effect of varying strengths of intrafusal fibre contraction could be investi- 
gated in isolation, because the extrafusal muscle fibres of soleus are 
maximally activated by much lower frequencies of stimulation than are 
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the intrafusal muscle fibres (Kuffler, Hunt & Quilliam, 1951; Eyzaguirre, 
1960). This is illustrated in Fig. 10, which shows typical examples of the 
effect of different frequencies of stimulation on the muscle contraction and 
on the discharge of muscle spindle endings. The muscle contraction was 
nearly maximal at a frequency of stimulation of 30/sec (see also Cooper & 
Eccles, 1930; Matthews, 1959; Buller, Eccles & Eccles, 1960), while the 
discharge of both primary and secondary endings increased several-fold 
when the frequency of stimulation was increased above this value. Thus 
any differences found in the behaviour of an ending on increasing the 
frequency of stimulation from 30/sec upwards may be attributed to the 
effect of intrafusal fibre contraction= 


A B 


Impulses/sec 


Tension (kg) 


0 50 100 150 200 20 O 50 100 150 200 250 
Stimuli/sec Stimuli/sec 


Fig. 10. Examples of the differing effects on muscle contraction (@) and on 
muscle spindle discharge ( x ) of increasing the frequency of stimulation. (A) for 
* @ primary ending (afferent fibre, 95 m/sec); (B) for a secondary ending (afferent 
fibre, 39 m/sec). Abscissa: frequency of supramaximal stimuli applied to peri- 
_ pheral end of L7 ventral root. Ordinates: on left, and centre, frequency of 
discharge of muscle spindle afferent (measured from 0-5 to 1-0 sec from beginning of 
stimulation, note different scale for each ending); on right (applicable to both 
graphs), tension developed in soleus (measured 0-75 sec from beginning of stimu- 
lation). Both endings were in the same preparation, but were studied at slightly 
different initial tensions (50 g for A; 160 g for B, corresponding to 4 mm greater 
extension of the muscle. Stimulus 4-5 times threshold for contraction). 


The frequency—extension relations obtained by slow stretching during 
ventral root stimulation were usually still approximately linear, as shown 
in Figs. 11 and 12 for a primary and a secondary ending respectively. For 
both these endings increasing the frequency of stimulation from 30 to 
100/sec caused an increase in the slope of the frequency—extension relation, 
showing that increasing the strength of the intrafusal fibre contraction 
had increased the sensitivity of the ending to stretch (though in these 
particular cases the actual values are rather higher for the primary ending). 
In addition, in spite of the extrafusal fibre contraction, there seems little 
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doubt that the sensitivity of these endings to stretch was greater during 
stimulation at 100/sec, than it was in the absence of stimulation. Such 
findings were common, and appreciable increases in slope on increasing 


_ the frequency of stimulation above 30/sec were seen in 14 out of 21 primary 


endings and in 7 out of 9 secondary endings. 3 


600 


Impulses/sec 


Extension (mm) 


_ Fig. 11. An example of a primary ending (afferent fibre, 104 m/sec) for which the 
slope of the frequency—extension relation increased on increasing the frequency of 
stimulation; +, no stimulation; @, during supramaximal stimulation of L7 at 
30/sec; x, during similar stimulation at 100/sec. Slope on 30/sec stimulation 
12-5 impulses/sec/mm, on 100/sec stimulation 33 impulses/sec/mm. (Frequency— 
extension relations determined during stretching at 2-9 mm/sec. The contraction 
produced 1-6 kg of active tension in soleus. The arrow marks the discharge when 
the full extension was maintained.) ; 


By saying that the slope increased ‘appreciably’ it is meant that the slope measured 
during stimulation at 100 or 160/sec was at least double that found during stimulation at 
30/sec; in most cases the slope with 160/sec stimulation was 3-5 times that with 30/sec 
stimulation. Some endings were studied on stimulation of more than one portion of ventral! 
root and a slope change has then been counted as occurring for the ending in question, even 
if it was found only on stimulating one of the portions of ventral root. Frequencies @f stimu- 
lation of 30, 50, 70, 100 and 160/sec were regularly studied. 

The maximum slope found for a primary ending during ventral root stimulation was 
82 impulses/sec/mm (this was only found over a part of the range of stretching as the dis- 
charge of the ending ‘saturated’ before the end of the stretch), and 11! were found with 


_ slopes of 20-45 impulses/sec/mm. The maximum slope found for a secondary ending during 
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ventral root stimulation was 41 impulses/sec/mm (afferent fibre conduction velocity 
65 m/sec); and a secondary ending with quite a small axon (afferent fibre 37 m/sec) had a 
slope of 21 impulses/sec/mm during ventral root stimulation. (All these values were ob- 
tained on stimulation at 160/sec.) As different-sized portions of ventral root were stimu- 
lated in different cases, and as the number of y fibres to the ending studied in any portion 
stimulated was unknown, no definite conclusions could be drawn from a comparison of the 
magnitude of the responses of primary and secondary endings to ventral root stimulation. 
Secondary endings, however, did not appear to have as high a value of slope or to reach as 
high a frequeney of discharge during ventral root stimulation as did primary endings. 


150 


Impulses/sec 


Extension (mm) 

Fig. 12.. An example of a secondary ending (afferent fibre, 39 m/sec) for which the 
slope of the frequency-extension relation increased on increasing the frequency of 
stimulation: +, no stimulation; @, during supramaximal stimulation of L7 — 
ventral root at 30/sec; x, during similar stimulation at 100/sec. Slope on 30/sec 
stimulation 3-5 impulses/sec/mm, on 100/sec stimulation 9-1 impulses/sec/mm. 
(Frequency—extension relations determined by stretching at 3-0 mm/sec. The 
contraction produced only 120 g, for in this case most of the soleus fibres lay in § 1. 
Different ending from those of Figs. 4 and 10. The arrow marks the discharge when 
the full extension was maintained.) 


It did not always prove possible to express the effect of an increased 
excitatory effect of the ending in terms of a change in the slope of its 
frequency—extension relation. For example, in Fig. 13 it will be seen that 
increasing the frequency of stimulation from 30 to 100/sec produced little 
or no change in slope in spite of an increasing excitatory effect ; though the 
slope definitely increased on increasing the frequency of stimulation from 


100 to 160/sec. For some primary endings there were quite large excitatory 
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effects without any significant change in slope for any frequency of stimu- 
lation tested, though what could be taken as a significant change in slope 
depended upon the linearity of the frequency-extension relation. For 
some other endings (both primary and secondary) the slope increased pro- 
gressively as the frequency of stimulation was increased, but the different 
approximately straight lines obtained did not usually convincingly meet 
at a single pomt, as found by Whitteridge (1959). An attempt was made 


500 - 


Extension (mm) 


Fig. 13. Results suggesting that the effects of intrafusal fibre contraction cannot 
be described solely in terms of a change in slope of the frequency—extension 
relation. The series of results were obtained from a primary ending (afferent fibre, 
104 m/sec, different ending from that of Fig. 11) on stimulating L7 with the 
series of different frequencies, as shown to the right of the graph. (Frequency- 
extension relations determined by stretching at 2-8 mm/sec. The contraction 
produced 1:3 kg active tension. The arrow marks the discharge when the full 
_ extension was maintained.) 


to classify the various responses into those which showed predominantly 
a change of slope and those'in which the slope changed only slightly but 
the whole frequency-extension relation was displaced upwards so that its 
intercept with the extension axis changed. Though on occasion fairly pure ; 
responses of either kind were found, too many intermediate responses 
oceurred for the classification to carry conviction. Moreover, the type of 
response seen in any case was not a unique property of the ending studied ; 
for in some cases when two different pieces of ventral root, both influencing 
the same ending, were stimulated independently, the resulting frequency— 


_ extension relations differed as markedly as did those from different endings. 
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Thus it must be concluded that under the particular conditions studied 
intrafusal fibre contraction may have rather yaried effects on the frequency 
extension relation, but it does seem important that it frequently increases 
the sensitivity of both primary and secondary endings to stretch. 
Slowing of discharge on cessation of stretching. During ventral root 
stimulation there was usually still a definite phasic response to the slow 
stretch, for the frequency of discharge of most endings decreased on com- 
pletion of the extension (for example, see Figs. 11, 12, 13). For some primary 
endings, and for many secondary endings, the phasic response seemed to 
be smaller (both absolutely and as a percentage of the total response to 
stretch) than in the absence of intrafusal fibre contraction, but for some 


_ primary endings the reverse was found; the amount of any such slowing 


often varied on using a range of stimulating frequencies. The phasic 
responses of secondary endings were usually obviously less than those of 
primary endings just as in the absence of stimulation; when a quantitative 
comparison was made using the same index as before the difference in their 
behaviour was again found to be statistically significant (calculations 
made for frequencies of stimulation of 30 and 160/sec). 


Stimulation of single y fibres. The varied results obtained on stimulating*ventral root 
filaments of appreciable size were not due solely to the complications introduced either by 
the concomitant extrafusal fibre contraction or by the simultaneous stimulation of several 
different y fibres influencing the same ending. For in a few cases single y motor fibres were 
stimulated in isolation without a clear single pattern of response emerging. The y fibres were 
isolated by sub-dividing o ventral root filament, and their conduction velocity was deter- 
mined by stimulating the muscle nerve and recording their action potential from the ventral 
root filament. This test also showed that the filament contained only one y fibre and no 
a fibres; the absence of « fibres was confirmed by finding that stimulation of the filament 
produced no detectable tension in the muscle (< 1 g). Four primary endings and one second- 
ary ending were studied on stimulating single y fibres with conduction velocities ranging 
from 21 to 41 m/sec. In two cases (one primary ending and one secondary ending) small but 
definite increases in slope were found on stimulation. For one primary ending no significant 
change in slope occurred in spite of an appreciable excitatory effect produced by stimulation 
(two different y fibres to this ending were stimulated independently with similar results). 
For the remaining two primary endings there was a change in the frequency—extension 
relations which could not reliably be described as one either of slope or of intercept. A further 
three primary endings were studied during stimulation of ventral root filaments containing 
1 or 2 « fibres as well as the single y fibre; for one the slope increased slightly on stimulation, 
another showed little change in slope, in spite of an excitatory effect of stimulation and the 


_ third gave irregular results. The conduction velocities of the y fibres which caused an in- 


crease of slope overlapped with those of the y fibres which did not. In view of the labour 
involved it did not, for the time being, seem worth while pursuing these experiments further 
as they did not appear to be leading to any definite conclusion. 

Probable effect of maintained extension. The frequency-extension relation determined by 
continuous slow stretching is not usually identical with that determined for maintained 


extensions (p. 278), and it might be suggested that intrafusal fibre contraction would 


produce a constant type of change in the static frequency—extension relation even though 
it did not do so for the dynamic relation. This was not investigated, but on indirect evidence 
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_ extension relation was increased by intrafusal fibre contraction, for adaptation would tend 
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seems imp®obable, for in those cases in which there was little fall in the frequency of 
discharge of an ending on completion of the extension it may be assumed that the static 
frequency-extension relation would have been similar to the dynamic relation. Inspection 
of the whole series of results obtained by the dynamic method showed that in cases in which 
the rh aseesues response to slow stretch was small—and this included primary as well as secondary 

ings ing strength of intrafusal fibre contraction sometimes produced changes ~» 
of slope, and sometimes produced excitatory effects without any appreciable change of 
slope. It may, therefore, be suggested that both these types of response would also be 
produced in the static frequency—extension relation as a result of intrafusal fibre contraction. 
Moreover, effects of each type were found among four endings (three primary, one secondary) 


for which static frequency—extension relations were obtained with and without stimulation © 


at 100/sec of single y fibres. 

Miscellaneous factors possibly affecting the frequency—extension relation. In particular cases 
various disturbing factors appeared to be influencing the precise form of the frequency— 
extension relation. It is thought that they are unlikely to have produced serious distortion 
in the general patterns of responses which have been described, but as only very few 


examples have been illustrated it seems important to specify some of the possible complicating 
factors. 


(1) ‘Saturation’, In a few cases on stretching during stimulation, particularly for primary — 
endings on atimnuletion at 160/sec, the frequency of discharge of the ending studied did not 
increase hout the period of stretching. Instead, the top part of the frequency— 
extension relation was s almost flat. Various reasons may be suggested for ouch an effect, 
but none appears to merit detailed discussion. 


(2) Driving. Very occasionally the discharge of the ending tended to follow the Sesainanny 
of stimulation (see Kuffler et al. 1951). Under the present conditions this could be due to 
the mechanical oscillations of the extrafusal muscle fibres, or to those of the intrafusal 
muscle fibres, or to ephaptic stimulation of the ending by the muscle action potential. 
Driving showed itself as a tendency for the frequency—extension relation to run horizontally. 
The usual smooth increase in the frequency of discharge with increasing extension suggested 
that driving was not normally significant, but this was not checked by examining on a fast 
sweep the timing of the spikes in relation to the stimulus. Driving tended to occur most 
readily when large portions of ventral root were stimulated, and in this case was probably 
due to ephaptic stimulation. | 


(3) Fatigue of intrafusal muscle fibres. When the length of the muscle was constant, stimu- 
lation of the ventral root produced a discharge of the ending which after the first second or 
so was fairly steady for 10 sec or more; it is therefore unlikely that fatigue normally occurred 
during the 4-6 sec required to apply a slow stretch. In a few cases, however, on stimulation 
at 160/sec the discharge of the ending was not well maintained with time and fatigue may 
have occurred. On stimulating at frequencies above 160/sec fatigue appeared to be more 
prominent, and such frequencies of stimulation were not, therefore, regularly studied. 


(4) Adaptation. Apart from mechanical factors it is likely that adaptation depends upon 
a lowered excitability of the ending consequent upon the discharge of a very large number of — 
impulses, for endings may be depressed by antidromic stimulation of their afferent fibres 
(Matthews, 1933; Paintal, 1959). Thus when the frequency—extension relation is determined 
by the present dynamic method the top of the curve should be more depressed by adaptation 
than the bottom of the curve, and if a series of curves obtained during intrafusal fibre 
contraction are compared the higher curves may be mure influenced by adaptation than the 


_lower curves. That such an effect occurred is likely, for after a period of ventral root stimula- 


tion the frequency of discharge at the final extension was usually less than before. But 
adaptation cannot be held responsible for the main finding that the slope of the frequency— 
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to produce the opposite effect. The magnitude of any such adaptation effect is, however, 
uncertain. In the five cases when faster stretches (7 mm/sec) and slower stretches (2— 
3 mm/sec) were compared during ventral root stimulation, the frequency—extension relation 
for the fast stretch was slightly above that for the slower stretch, as for the unexcited 
endings, This may have been partly due to adaptation having a greater effect on the response 
to the slower stretch, but appears equally likely to have been due to the mechanical pro- 
perties of the ending. . 


200 


8 


Impulses/sec 
x 


0 4 8 12 16 
Extension (mm) 

Fig. 14. The contrasting responses of a primary ending (afferent fibre 111 m/sec) 
during release of stretch in the presence and absence of intrafusal fibre con- 
traction: x, response of ending in the absence of stimulation; @, response during 
supramaximal stimulation of part of L7 at 160/sec. Small arrows indicate 
whether the muscle was being stretched or released. (Stretch and release both at 
2-2 mm/sec. The stretch and release responses during stimulation were obtained 
in separate stretches, as it seemed undesirable to stimulate continuously for the 
full period required to determine the relation in a single operation. The maintained 
frequency of discharge at the full extension was the same in the two cases, and is 
indicated by the arrow. Contraction tension 150 g.) 


Response during release. As already described, in the absence of intra- 
fusal fibre contraction the discharge of primary endings usually ceased 
abruptly the moment the muscle began to be released from a previously 
applied extension. When, however, the muscle was released during stimu- 
lation of a portion of ventral root or a single y fibre, the discharge of primary 
endings continued during part or all of the release. As might be expected, 
the frequency of discharge at any length of the muscle was lower when the 
muscle was being released than when it was being stretched. Figure 14 
shows typical frequency—extension curves obtained during ventral root 
stimulation when a primary ending was stretched and then released at 
the same rate. In the absence of stimulation the discharge of this ending 
stopped abruptly on release. For this and other endings the firing on 
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release persisted when the rate of release was increased to about 7 mm/sec. 
Secondary endings fired on release in the absence of stimulation: during 
ventral root stimulation they fired on release at a higher rate than in the 
absence of stimulation, but the discharge on release was slightly below 
that found at the same extension of the muscle on stimulation during the 
application of stretch. No quantitative examination was made of the 
frequency—extension curves obtained by release under different conditions. 


DISCUSSION 


The most interesting finding of the present work is the difference between 
the phasic responses of primary and secondary endings. On completion 
of the dynamic phase of stretching the discharge of primary endings slowed 
much more than that of secondary endings; and, in addition, on beginning 


. to release the stretch most primary endings stopped firing abruptly, while 


secondary endings did not. A greater phasic sensitivity of primary than 
of secondary endings has also been found by Cooper (1959), who worked 
mainly on spindles with an intact motor supply, and showed further that. 
the difference is also prominent at higher rates of stretch than were avail- 
able for the present experiments. It would be of interest to confirm all 
these qualitative findings by measuring some fundamental index of phasic 
sensitivity, when it might even become possible to classify an ending more 
accurately by this means than by measuring the conduction velocity of its 
afferent fibre. The difference in behaviour between primary and secondary 
endings is probably due to differences in their mechanical coupling to the 
extension applied to the whole muscle, for the properties of such coupling 
are thought to influence greatly the phasic sensitivity of mechanoreceptors 
(Matthews, 1933; Loewenstein, 1956; Hubbard, 1958; Lippold, Nicholls & 
Redfearn, 1960). The primary ending behaves as if it lies upon a pre- 
dominantly elastic element which is in series with a considerably more 


- viscous element. The secondary ending behaves as if it lies upon an element 


in series with another element of similar properties or with only slightly 
more viscosity. Such suggestions would be quite compatible with the 
histological finding that the primary ending lies mainly on non-striated or 
poorly striated regions of the intrafusal muscle fibres, while the secondary 


ending lies mainly or entirely on striated regions of the intrafusal muscle 


fibres (Ruffini, 1898; Barker, 1948; Boyd, 1959; Barker & Ip, 1960; 


_ Cooper, 1960). The difference in phasic behaviour of the primary and 


secondary endings, if existing under a wide range of conditions, is likely 
to be of great functional significance. The phasic sensitivity of the primary 


ending is somewhat similar to the ‘phase advance’ or ‘velocity feedback’ 
used to stop oscillation in some inanimate control systems, and is thought 
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_ to be of similar importance in the reflex stabilization of muscle contraction © 


(Merton, 1951; Pringle & Wilson, 1952; Lippold e¢ al. 1958). The secondary 
ending with so much less phasic sensitivity behaves more like a pure 
length receptor, though it should be noted that its static response may be 
altered by intrafusal fibre contraction. It should also be noted, for this 
might be important for reflex organization, that the passive sensitivity 
(in impulses/sec/mm) of secondary endings to slowly applied stretch is 
similar to that of primary endings. 

In assessing the results obtained during activation of the intrafusal 
muscle fibres it should be remembered that the method of activation was 
artificial, and that different results might be obtained with physiological 
discharges of motoneurones. During ventral root stimulation, whether of 
large filaments or those containing only a single y fibre, the resulting 
intrafusal fibre contraction might be more asymmetrical (particularly of 
any muscle fibres only capable of non-propagated contractions) than any 
that would occur normally, and the excitatory effect exerted on the ending 
with the muscle at a series of different lengths might be different in the 
two cases. The finding that increasing the strength of intrafusal fibre 


_ contraction (by increasing the frequency of stimulation) may increase the 


slope of the frequency—extension relation is in agreement with previous 
work showing that the excitatory effect on the ending of intrafusal fibre 
contraction may be greater at greater lengths of the muscle (Leksell, 
1945; Kuffler e¢ al. 1951; Whitteridge, 1959). The contrasting finding that 


the slope of the frequency—extension relation did not always increase with 


an increasing excitatory effect on the ending appears, however, to~be of 
equal interest. It may be asked whether any physiological significance 
should be attached to these types of responses and whether they perhaps 
depended primarily upon the contraction of the two kinds of intrafusal 
muscle fibres now suggested by histological work (Boyd, 1959, 1960: 
Barker & Ip, 1960; Cooper, 1960; Swett & Eldred, 1960). But these and 
other problems arising out of the present work demand further experi- 
mentation for their solution. It is apparent only that the effects of intra- 


_ fusal fibre contraction on spindle afferent endings cannot all be ascribed 


to a change in a single parameter of a linear frequency—extension relation. 


| SUMMARY 
1. The discharge of single afferent endings of de-efferented muscle 
spindles in the soleus muscle of the cat was studied during extension of the 
muscle at a constant velocity of 2-3-3 mm/sec. The afferent endings were 
classified as primary (35) or secondary (20) according to the conduction 


velocities of their afferent fibres. 
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2. During passive stretch the secondary endings were appreciably less 
sensitive to the dynamic component of the stretch than were the primary 
endings, for their frequency of discharge fell much less when the dynamic 
stretching was stopped and a steady extension maintained. On beginning 
to release the stretch at a slow rate the primary endings usually stopped 
firing abruptly, while the secondary endings did not. These differences 
between the two kinds of ending are probably due to their different 
anatomical relationship to the intrafusal muscle fibres. 

3. In both cases when, for the period of dynamic stretching, the fre- 
quency of discharge of the ending was plotted against the extension, an 
approximately linear relation was usually found. The values of the slope 
of this frequency—extension relation ranged from 2-5 to 15:3 impulses/sec/ 
mm, and were not consistently different for the two kinds of ending. The 
secondary endings, however, usually had an appreciably higher initial 
threshold for extension (or tension). The frequency-extension relations 
were usually little different when slightly higher or slightly lower rates of 


stretch were used. 


4. Some effects of intrafusal fibre contraction on the frequency—extension 
relation were investigated by stimulating large ventral root filaments 
containing both « and y motor fibres. The strength of the intrafusal fibre 
contraction was graded, without change in the strength of the extrafusal 


_ fibre contraction, by varying the frequency of stimulation from 30 to 


160/sec. For both types of ending considerable increases in the slope of 
the frequency-extension relation were frequently produced by intrafusal 
fibre contraction. In some cases, however, there was no significant change 
in slope in spite of an increased excitatory effect on the ending. The reasons 
for these differing effects of intrafusal fibre contraction are not known. 

5. Certain findings suggest that similar results would have been ob- 
tained for the frequency-extension relation determined under static 


conditions. 


We should like to thank Mr E. T. Giles for technical assistance with operations, and 


Sybil Cooper for her frequent helpful discussions of the work. 
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THE ACTION OF 5-HYDROXYTRYPTAMINE AND RELATED 
COMPOUNDS ON NEUROMUSCULAR TRANSMISSION IN 
THE LOCUST SCHISTOCERCA GREGARIA 


By R. B. HILL anv P. N. R. USHERWOOD 
| From the Department of Zoology, University of Glasgow 


(Received 3 March 1961) 


At the present time the nature of the junctional transmitter in insects 
is not known. Substances such as acetylcholine or 5-hydroxytryptamine, 
known or suspected to be neurohumours in other groups of animals are not, 
in general, definitely known to have an action on insect neuromuscular . 
transmission. Harlow (1958) found that acetylcholine (ACh) did not inter- 
fere with the response of the extensor tibialis of the hind leg of the locust 
Locusta migratoria to stimulation by the crural nerve, although perfused 
ACh could produce a tetanic extension of the whole leg. The nature of the 
action, on a locust neuromuscular junction, of an active amine such as 
5-hydroxytryptamine (5-HT) which is generally (Welsh, 1957a) although 
not always (Welsh, 19576) found to have an opposite effect from that of 
ACh, should be of interest. Twarog & Roeder (1957) found that, although 
highly active on the heart of the cockroach, 5-HT was effective only at 
high concentrations on the cercal synapse of the desheathed last abdominal 
ganglion. Since we too found that 5-HT must be applied in high con- 
centrations, ACh in the same concentrations was applied as a check 
against non-specific effects. Since tryptamine has been found to be far 
less active than 5-HT on preparations where 5-HT is thought to be a neuro- 
humour (Hill, 1958; Greenberg, 1960), we also employed tryptamine as a 
test of the specificity of 5-HT. 

Davey (1960) has suggested that an o-dihydroxyindolalkylamine may 
have an excitatory role in the insect peripheral nervous system, and that its 
action may be inhibited by 5-HT, through a blocking of receptor sites by 
the structurally similar 5-HT. This suggested to us the use of a dimethoxy- 
indolalkylamine in the search for an antagonist to 5-HT on our pre- 
paration. We also tested as possible antagonists lysergic acid diethylamide 
(LSD) and bromolysergic acid diethylamide (BOL) which are known to 
act as antagonists to 5-HT in other invertebrate preparations (Welsh, 
19574), probably by virtue of irreversibly imitating 5-HT. 3-(pyrrolidino- 
methyl)-thionaphthene is known to be one hundred times as active as 
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LSD as an antagonist of 5-HT for the rat uterus preparation (personal 
communication from Mr J. J. Lewis), and this compound also was tested 
on our preparations. | 

METHODS 


Activity of the neuromuscular junctions associated with the ‘fast’ responses of the 
metathoracic extensor tibialis and flexor tibialis to stimulation of the crural nerve was 
studied during the application of 5-HT and other compounds, in the locust Schistocerca 
gregarva. 

Tension development in a muscle was recorded by an RCA 5734 mechano-electronic 
transducer, of which the plate shaft was attached to the femur or (for more isometric 
conditions) directly to the apodeme of the muscle studied. Simultaneously, the resting 
potential and action potential of a single muscle cell were recorded internally with a glass 
micro-electrode filled with 3m-KCl solution. The crural nerve was stimulated by supra- 
maximal square pulses, of variable strength, delay, and duration, through chlorided silver 
hooks placed on the nerve trunk near the metathoracic ganglion, from which it had been 
severed. External recording from the crural nerve and from the extensor tibialis was accom- 
plished by similar electrodes. 

A double micro-electrode technique similar to that described by del Castillo, Hoyle & 
Machne (1953) was used to record the membrane response of single muscle cells to internally 
applied cathodal and anodal pulses, and to measure membrane resistance. : 

Drugs were applied in solution, in locust saline made according to the formula of Hoyle 
(1954). Those used were acetylcholine iodide, tryptamine hydrochloride (both Eastman), 
5-hydroxytryptamine creatinine umphate, lysergic acid diethylamide, bromolysergic acid 


diethylamide, 5,6-dimethoxytryptami (all Sandoz), and §-(pyrrolidinomethy])-thio- 


naphthene (Pharmacology Department, University of Glasgow). 
Experiments were carried out in a room thermostatically controlled at 21° C. 


RESULTS 

Effects of 5-HT and related compounds on the response of muscle fibres to 
presynaptic stimulation. The normal mechanisms of the neuromuscular 
junction studied have been established by Hoyle (1955) in the related 
Locusta migratoria. The twitch of the metathoracic extensor tibialis or 
flexor tibialis resulting from a. single supra-maximal shock to the fifth 
thoracic nerve is accompanied by an electrical response in every innervated 
fibre. This action potential consists of a large e.p.p.-like response plus a 
spike which often overshoots the zero potential base line. 

Injection into the leg of 10-*m tryptamine or 5-HT reduced the response 
in surface fibres of the flexor tibialis to an e.p.p. in less than 1 min (Figs. 1a 
and 2a). As the spike became reduced its origin from the e.p.p. was pro- 
gressively delayed. When the drug was washed away by injection of fresh 
locust saline, recovery to a full spike occurred in less than 1 min (Figs. 1b 
and 2b). It may be seen from Fig. 1a that tryptamine caused an increase 
in synaptic delay from which the preparation did not recover (Fig. 16) as 


rapidly as from the diminution of the — 5-HT also produced an in- 
crease in synaptic delay. 
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Immersion for 4 min or more in 10-*m tryptamine or 5-HT completely 
abolished the electrical response of the surface fibres, but as deeper fibres 
were affected more slowly the development of tension by the entire flexor 
tibialis was not abolished until after 30 min or more of soaking in either 
drug. 

With decreased concentrations of 5-HT or tryptamine loss of twitch 
tension in the extensor tibialis proceeded more slowly (Fig. 3a, b). After 


Fig. 1 (a) Simultaneous superimposition of tension development (upper trace) 
and intracellularly recorded action potentials in the flexor tibialis during inhibition 
by tryptamine. The first trace was photographed in normal locust saline 10 sec 
before application of 10-*m tryptamine. Succeeding traces were photographed at 
5 sec intervals after injection of the tryptamine. Note increase in synaptic delay 
and progressive delay in appearance of the reduced action potential from the e.p.p. 
Oscillations in the base line after stimulus artifact are due to impulses in coxal 
muscles. 

(o) A similar record of recovery. The fifth trace was photographed in 10-*m 
tryptamine. Succeeding traces were photographed at 5 sec intervals after injection 
of fresh normal locust saline. Note that synaptic delay does not recover as rapidly 
as does return of action potential. Time signal, 500 c/s in both. 


Fig. 2. (a) Simultaneous superimposition of tension development (upper trace) 
and intracellularly recorded action potentials in the flexor tibialis during inhibition 
by 5-HT. Increase in synaptic delay is not marked in this photograph, because 
not enough time had elapsed for a return to normal synaptic delay since 
subjection to tryptamine. Traces superimposed at 5 sec intervals. 

(6) Asimilar record of recovery from 5-HT. Traces — at 5 sec intervals. 
Time signal, 500 c/s in | both. 
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30 min in 10-°m 5-HT twitch tension was reduced by 25% in most experi- 
ments, but could be restored by injection of fresh saline to wash out the 
5-HT. Immersion for longer periods led to the recovery on washing with 
normal locust saline being incomplete, but recovery could be greatly 
enhanced by using saline containing excess calcium (10 mM) or entirely 
lacking in magnesium. Complete abolition of the twitch was obtained 
after 10-15 hr in 10-°m 5-HT. In most preparations there was a 10% 
decrease in resting potential during the first hour. The resting potential 
thereafter remained practically constant at its new value (presumably a 
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Fig. 3. (a) Relation of tension of single twitches of extensor tibialis to time of 
soaking in 5-HT. 


(b) Relation of tension of single twitches of extensor tibialis to time of soaking 
in tryptamine. Numbers show molar concentration. 


{ 


value reduced by electrode injury). The action potential showed a pro- 
gressive decline. The initiation of the spike from the e.p.p. was progressively 
delayed, meanwhile becoming reduced in height. After about 5 hr in 
10-*m 5-HT only ane.p.p. typeofresponse remained. Thisin turn diminished 


which no twitch tension could be recorded. At this point the resting 
potentials of the fibres were still at the value reached after the first hour. 
The effect of 10-*m tryptamine on the electrical response of the fibres 
of the extensor tibialis to nerve stimulation was similar to that of 5-HT, 
except that there was usually a rise in the height of the action potential 
during the first 15 min or so, reaching about 10 70 and then declining 
, as in the same concentration of 5-HT.. 

Attempts to find an antagonist to 5-HT for this aidaieiain, were 
unsuccessful. LSD, BOL, 3-(pyrrolidinomethyl)-thionaphthene and 5,6- 
dimethoxytryptamine all proved to have effects on the mechanical and 


during about 10 hr, until finally it disappeared in all fibres at the time at. 
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electrical responses of the extensor tibialis similar to those of 5-HT or 
tryptamine, and in similar concentrations. 

Effect of acetylcholine on response of muscle fibres to pre-synaptic stimulation. 
Treating the extensor tibialis with ACh for 10 hr by injection of 10-'m ACh 
solution had no effect on isometric twitch tension. Action potentials still 
developed normally after stimulation through supramaximal shocks to the 
crural nerve. 


Fig. 4. Recording by external electrodes from the crural nerve trunk of nerve 
action potential (first deflexion) and muscle action potential (second deflexion) : 
(a) in normal locust saline; (b) after 1 min in 10-*m tryptamine; (c) 1 min after 
washing with normal locust saline. Time signal, 500 c/s. 


Effects of 5-HT and related compounds on the nerve action potential. 
Recordings were made with external electrodes from the crural nerve 
trunk to test the possibility that the action reported in the preceding section 
could be on presynaptic nerve. Neither 5-HT, tryptamine, LSD, BOL, 
nor 3-(pyrrolidinomethyl)-thionaphthene inhibited the action potentials 
of the ‘fast’ nerve fibres supplying the extensor tibialis and flexor tibialis 
(Fig. 4). Even when all trace of tension development or electrical response 
in the muscle fibres was lost, the nerve impulse remained maximal. 

_ Effect of 5-HT and tryptamine on active membrane response and on 
membrane resistance of muscle fibres. When cathodal pulses are applied 
intracellularly to fibres of the metathoracic flexor tibialis, active membrane 
_ responses appear after depolarization exceeds about 12mV . These responses 
are oscillatory and resemble those found by del Castillo e¢ al. (1953) in 
muscle fibres of Locusta migratoria and by Cerf, Grundfest, Hoyle & 
McCann (1959) in muscle fibres of Romalea microptera. Anodal pulses 
produce purely electrotonic responses, like those produced by cathodal 
pulses subthreshold for the active membrane response but of opposite sign. 
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Neither 10-2 tryptamine (Fig. 5) nor 10-*m 5-HT had any effect on 
the development of the active membrane response or on the electrotonic 
response to anodal pulses. Membrane resistance remained constant during 
immersion for up to 5 hr in 10-*m 5-HT or 10-*M tryptamine. 


Fig. 5. (a) Active membrane response (upper trace) to cathodal stimulus in 
normal locust saline. Lower trace shows the voltage drop produced by the current 
flowing through the membrane across a 30 KQ monitor resistance. 

(b) Response of the same flexor tibialis fibre after 10 min in 10-*m tryptamine. 
Change in oscillatory response is no greater than would occur in normal locust 
saline over same interval since initiation of repetitive stimulation. Time signal, — 
500 c/s in both. 


DISCUSSION 


5-HT and related compounds evidently affect synaptic transmission, 
since it has been shown that the inhibition they produce cannot be due 
to blockage or transmission in nerve fibres or to diminution of the re- 
sponsiveness of the electrically excitable component of the muscle-fibre 
membrane. In fact, single muscle fibres could be seen to twitch when 
stimulated intracellularly, even after the twitch response of the entire 
flexor tibialis to stimulation of the fifth thoracic nerve had been abolished 
by application of high concentrations of 5-HT or of tryptamine. Probably 
5-HT-like compounds are either preventing release of transmitter substance 


from nerve terminals or blocking receptor sites at the junctional regions — 


of the muscle cells. 
The high concentrations required may have some relation to the pro- 


perties of the membranes surrounding insect nerves and neuromuscular 
junctions. A peripheral nerve axon is directly surrounded by a loose 
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mantle of membranes derived from the mesaxon of a lemnoblast, until it 
reaches the region of neuromuscular junctions of a muscle cell. Here the 
axon runs in a groove, in the surface of the muscle fibre, which is covered 
by the merged basement membranes of the tracheoblast and the lemnoblast 
(Edwards, Ruska & de Harven, 1958). Hoyle (1952, 1953) and Twarog & 
Roeder (1956) have shown that insect nerve sheaths interfere with pene- 
tration to the axon of ions and of pharmacological agents. 

O’Brien & Fisher (1958) suggest that the toxicity to insects for neuro- 
pharmacological compounds may be diminished if insect nerve sheath is 
relatively impermeable to ionized compounds, thus permitting only the 
un-ionized fraction to be effective. Similarly, if the membranes covering 
insect neuromuscular junctions form a barrier to the diffusion of ionized — 
compounds, this might explain why we had to use such high concentra- 
tions. All experiments were carried out in locust saline at a pH of 6-9. If 
the barrier to ionized fractions is assumed to be completely effective, the 


TABLE 1 
Fraction 
un-ionized 
Compound pKa at pH 6-9 

BOL 5-40 0-97 
LSD 5-90 0-91 

_ tryptamine 9-10 0-016 
5,6-dimethoxytryptamine 9-12 0-017 
5-HT 


fraction of each compound un-ionized at pH 6-9 will correspond to the 
effective concentration. In Table 1 (calculated from the formula given 
by Albert, 1952) pKa values and fractions un-ionized at pH 6-9 are listed 
for five of the compounds used. From the fraction un-ionized, BOL and 
LSD should be nearly one hundred times as effective in penetrating as the 
three other compounds, but in fact there was no marked difference in 
effectiveness on our preparation. In any case, the effective concentration 
for 5-HT and tryptamine would still be very high compared to the con- 
centrations effective in other invertebrate preparations. It might be 
suspected that the inhibition found was merely due to non-specific side | 
effects, if it were not that acetylcholine, in concentrations ten times — 
still, is not at all toxic. 

All the compounds found to be inhibitory are indole amines or have in 
common a structural resemblance to indole amines. Greenberg (1960) 
tested the. activity of a large number of tryptamine analogues on the 
Venus mercenaria heart and reported that the simplest structural require- 
ment for 5-HT-like activity was a flat aromatic nucleus with a 2-amino- 
ethyl side chain. This requirement is fulfilled by most of the compounds 
we found to be effective inhibitors of neuromuscular transmission in the — 
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locust leg. Perhaps they act by blocking the receptor sites for a trans- 
mitter with a chemical structure just dissimilar enough to prevent the 
5-HT-like compounds substituting for it in excitation. 


SUMMARY 


1. The effect of tryptamine analogues on the neuromuscular trans- 
mission of impulses in the jumping leg of the locust was studied by re- 
cording action potentials and active membrane responses with intra- 
cellular micro-electrodes, and by recording tension with a mechano- 
electronic transducer. 

2. High concentrations of5-HT, tryptamine, and anumber of tryptamine 
analogues block the development of an action potential and of tension in 
fibres of the metathoracic extensor tibialis and flexor tibialis muscle. 

3. High concentrations of the same compounds do not block the action 
potential in the fibres of the crural nerve which supplies ‘fast’ motor 
axons to the extensor and flexor tibialis. 

4. Tryptamine analogues do not inhibit the active membrane re- 
sponse in fibres of the extensor or flexor tibialis, or alter their membrane 
resistance. | : 

5. It is concluded that the tryptamine analogues tested block neuro- 
muscular transmission. | 


_ We wish to thank Dr Graham Hoyle for advice during the course of our investigations ; 
Mr J. J. Lewis and Dr Martin Smith for discussions on the pharmacological aspects of this 
paper; Mr S. T. Reid for supplying a sample of 3-(pyrrolidinomethyl)-thionaphthene; and 
Dr A. Hofman of Sandoz for providing the pKa values listed in Table 1 and for supplying 
a sample of 5,6-dimethoxytryptamine. This investigation was carried out during the tenure 
by one of us (R.B.H.) of a post-doctoral fellowship, HF-5211-C2, from the National Heart 
Institute, United States Public Health Serviee. 
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SENSITIZATION OF THE SUBMAXILLARY AND PAROTID 
GLANDS BY REMOVAL OF PART OF THE AFFERENT 
INFLOW TO THE SALIVARY NUCLEI 


By N. EMMELIN 
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- During prolonged treatment of cats with parasympatholytic agents the 
salivary gland cells acquire a supersensitivity to sialogogue drugs. This 
suggests that the sensitivity of the untreated gland is maintained at a low 
level through some action of acetylcholine, set free from the endings of the 
post-ganglionic parasympathetic fibres (Emmelin & Muren, 1950; for 
discussion see Emmelin, 1952, 1961a). The supersensitivity produced by 
parasympatholytic drugs resembles that caused by cutting the pre- 
_ ganglionic parasympathetic fibres, but exceeds it. To explain this it has 
been assumed that the normal level of sensitivity is determined in part by 
acetylcholine released by impulses from the central nervous system and 
partly by acetylcholine leaking from the endings of the post-ganglionic 
neurone independently of nerve impulses (see Emmelin, 1960, 19616). 

In the present experiments an attempt was made to study the de- 
pendency of the sensitivity on nerve impulses. The sensitivity of the sub- 
maxillary and parotid glands to secretory agents was observed over long 
periods of time, and the effect of reducing the flow of secretory nerve 
impulses investigated; for this purpose afferent fibres from the tongue, 
_ carrying impulses to the medullary salivary centres, were severed. 

A preliminary report of some of these experiments has been given 
(Emmelin, 1956). 

METHODS 3 

Cats were used as experimental animals. The submaxillary glands were stimulated by 
adrenaline or methacholine, the parotid glands, very little sensitive to adrenaline, by 
methacholine only. The sensitivity of the glands was estimated once a week, by means of 
@ short-acting barbiturate given intracardially after preliminary ether. When adrenaline 
was used to evoke secretion, hexobarbitone was injected. This drug, which in our experience 
is.very suitable for these experiments, could not be used when methacholine was the test 
agent because of its slight parasympatholytic effect: in those cases Baytinal (sodium 
5,5-allyl-(2’-methyl-propyl)-thiobarbiturate) was given instead. The atropine-like effect of 
hexobarbitone was sufficiently pronounced to abolish all reflex secretion; when Baytinal 
was used this was achieved by injecting hexamethonium 5 mg/kg intracardially. 


Fine glass cannulae were inserted temporarily from the mouth into the two submaxillary 
or parotid ducts of the anaesthetized animals. Standard doses of adrenaline (2, 5 and 
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10 »g/kg) or methacholine (0-5, 1 and 2yg/kg) were administered intracardially and the 
drops of saliva falling from the cannulae were counted. 

When the level of sensitivity of the normal glands had been determined, the lingual nerve 
fibres were cut as far medially as possible to the submaxillary ducts, or the glossopharyngeal 
nerves’near the exit from the skull. In some experiments the chorda- lingual nerve of one 
side was cut in order to produce a preganglionic parasympathetic denervation of the cor- 
responding submaxillary gland. 


RESULTS 
Submazxillary glands 


Section of the lingual nerves. Figure 1 summarizes observations made in 
twenty-five cats, using adrenaline to evoke secretory responses from the 
submaxillary glands. It can be seen that unilateral section of the lingual 
fibres increased the sensitivity of both submaxillary glands, but particularly 
that of the operated side. When the lingual fibres of the other side were cut 
as well there was a further rise in sensitivity bilaterally and eventually the 
two glands became equally supersensitive. This was the effect seen in most 
cats. In some animals both glands were sensitized to the same extent by 


Saliva (drops) 


| 
1 
Weeks 
Ling. L. Ling 

Fig. 1. Average responses of the submaxillary glands to adrenaline in 25 cats. 
—— right gland, left gland. Responses to adrenaline: O 10 yg/kg, x 5 
@ 2 ug/kg. At the first arrow the right, at the second the left, lingual fibres were cut. 
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the unilateral nerve section and when the fibres of the other side were 
severed the two curves continued to rise together; in some, only the gland 
of the operated side was sensitized and in one cat neither of the glands was 
affected until the lingual fibres of both sides had been cut. 


less pronounced than that seen after section of the chorda tympani, as 
will be shown below, but resembled it in the following respects. It 
developed gradually, first becoming discernible after 2 or 3 days and 


Saliva (drops) 


Weeks 


R. Gl. L. Gl. 


Fig. 2. Average responses of the submaxillary glands to adrenaline in eight cats. 
At the first arrow the right, at the second the left eoere nerve cut. 
Symbols as in Fig. 1. 


reaching a maximum within 2 or 3 weeks. The threshold was lowered and 
the responses to moderate doses of adrenaline were increased. Further- 
more, the sensitization was found to be unspecific, just as that obtained 
after section of the chorda, as could be seen when methacholine was given 
to produce secretion. 

Section of the glossopharyngeal nerves caused a supersensitivity of the 
submaxillary glands also. This is shown in Fig. 2, which gives the average 
responses of eight cats to the three standard doses of adrenaline. The 
supersensitivity was similar to that caused by cutting the lingual nerves 
but seemed less marked. Sensitization to methacholine was also obtained. 

Section of the chorda tympani. In order to compare quantitatively the 


The supersensitivity produced by cutting the afferent lingual fibres was — 
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supersensitivity produced by section of the afferent fibres and that brought 
about by abolishing all impulses from the central nervous system by way 
of the chorda, the following type of experiment was carried out. The 
sensitivity of the two submaxillary glands to adrenaline was estimated. 
The right lingual fibres were then cut; then after 2 weeks the left lingual 
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R. Ling. Ling. R. Cheling. R. Gl. L. Gl. 


Fig. 3. Secretory responses of the right submaxillary gland (——) and the left gland 
(—-—-—) to 10 ng adrenaline/kg, in one cat on thirteen occasions with weekly intervals. 
The arrows mark, from left to right: section of right lingual, of left lingual fibres, of 
right chorda-lingual nerve, of right and of left glossopharyngeal nerves. 


fibres as well, and 2 weeks later the right chorda-lingual nerve. Super- 
sensitivity due to section of the chorda was left to develop for 4 weeks; the | 
right glossopharyngeal nerve was then severed and 2 weeks later the left 
nerve. Thus the right gland was deprived of all impulses sent through the 
chorda and the left gland of all impulses reflected from the four afferent 
nerves. The level of sensitivity of the two glands was determined weekly. 
Figure 3 shows such an experiment. It can be seen that supersensitivity 
created by cutting the glossopharyngeal nerves can be added to that 
caused by section of the afferent lingual fibres, but not to that produced 
by section of the chorda. The level of sensitivity attained in the left gland 
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is considerably lower than that of the right gland. This was the case in 
five other cats also, which survived all these operations. The cat of Fig. 3 
is, in fact, the one in which the difference between the two sides was least 
marked. 

Although these experiments were carried out over a period of about 
3 months only, and the precaution was taken to re-cut the fibres first 
severed, it is quite possible that some regeneration of afferent fibres could 
have taken place in the course of the observation period, thus reducing 
the supersensitivity. In order to diminish the risk of this complication the 
following type of experiment was tried. After the estimation of the sensi- 
tivity of the two normal glands to adrenaline both glossopharyngeal 


TaBLE 1, Drops of saliva secreted in response to 10 yg adrenaline/kg: A, before denervation ; 
B, 1 week after section of both glossopharyngeal nerves; O, 1 week after section of right 
lingual fibres; D, 2 weeks after section of left lingual fibres; Z, 3 weeks after section of right 
chorda 

Responses to 10 ug adrenaline/kg _ 


Left gland | Right gland 

Cat A 

no. A B C E 

1 5-3 8 8-8 10 21°5 

2 4:3 11-5 12-5 15 23 

3 0-25 1-7 2-5 4-3 12-8 

4 0-5 2:7. 3:5 75 21 

5 0:25 2 3 3-7 13 

6 2-5 3-5 10-3 13 28 


nerves were cut. One week later the right chorda-lingual and 1 further 
week later the left lingual fibres were severed. The sensitivity was studied 
once a week, and finally 2 weeks after the last operation. The super- 
sensitivity due to one operation was therefore not allowed to develop fully 
before the next operation was carried out and it was not possible to study 
separately the effects of the different operations, as in the series exemplified 
by Fig. 3. On the other hand, the observation period, 4 weeks, was so brief 
that regeneration could scarcely obscure the results. Table 1 summarizes 
the observations made in 6 cats of this series. To make the table easier to 
read, only the secretory responses to 10 yg adrenaline/kg are given and 
only the effects on the left gland of afferent, and on the right gland of 
efferent denervation. The table shows that even with this technique the 
supersensitivity produced by cutting the four afferent nerves was less 
pronounced than that caused by section of the chorda. 


Parotid glands 


Section of the lingual nerves had no definite effect on the sensitivity of 
the parotid gland to methacholine in six cats examined. In two other cats 
a slight increase in sensitivity could be observed. 
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Section of the glossopharyngeal nerves, on the other hand, was found 
regularly to sensitize the parotid glands to methacholine. This can be seen 
in Fig. 4, which gives the results of experiments on six cats. When a con- 
stant level of sensitivity had been attained in these cats, the right lingual 
fibres were cut. No further increase in sensitivity ensued, as was the case — 
in the submaxillary glands when glossopharyngeal was added to lingual 
section. 


Saliva drops 


R. Gl. L. Gl. R. Ling. 


Fig. 4. Average responses of the parotid glands to methacholine in 6.cats. Responses 
to methacholine: O 2yg/kg, x lyg/kg, @ 0-5ug/kg. —— right parotid gland, 
--—-left gland. At the first arrow the right glossopharyngeal nerve was cut, at the 
second the left glossopharyngeal nerve, and at the third the right lingual fibres. 


DISCUSSION 


- The lingual fibres were cut as far medially to the salivary ducts as 
possible in order not to damage any secretory fibres. This seemed of 
particular importance since it has been assumed that some secretory fibres 
for the submaxillary gland, instead of joining the chorda tympani, 
accompany the lingual nerve for a short distance and then run back to 
the gland (see Langley,-1898). Injury to such fibres should not affect the 
contralateral gland. From the facts that unilateral lingual section in most 
cats sensitized both submaxillary glands and that glossopharyngeal 
section sensitized the two submaxillary and the two parotid glands it 
seems legitimate to infer that the supersensitivity was a consequence of 
severance of afferent fibres. 

Numerous investigators have found that the submaxillary gland is 
particularly affected by electrical stimulation of afferent lingual fibres and 
the parotid gland by stimulation of afferent glossopharyngeal fibres, and, 
further, that unilateral stimulation causes the largest secretory responses 
from the ipsilateral glands (see Miller, 1913; Babkin, 1928). The present 
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observations on the sensitizing effect of cutting the afferent nerves seem 
to be in agreement with these findings. 

In earlier investigations supersensitivity has been produced in various 
structures by section of efferent nerve fibres or by prolonged administra- 
tion of drugs interfering with transmission of efferent impulses. In the 


present experiments the efferent link of the reflex arc was intact. The fact 


that section of the afferent fibres could produce a supersensitivity of the 
same type as that caused by cutting the efferent fibres indicates that the 
sensitivity of the glandular cells is at least to some extent dependent on 
the flow of secretory impulses from the central nervous system. Cutting 
one lingual nerve caused a supersensitivity in the submaxillary gland of 
most cats. The sensitivity could then be further raised, stepwise, by 
additional section of the other afferent nerves. The level of sensitivity 
seems to some degree to be determined by the intensity with which the 
gland cell is bombarded with secretory impulses. This agrees with the fact 
that repeated injections of a secretory drug like pilocarpine decreases the 
sensitivity of a denervated or even a normally innervated gland (Emmelin 
& Muren, 1952). | 

The supersensitivity caused by bilateral section of the lingual and glosso- 
pharyngeal fibres was never as marked as that seen after efferent denerva- 
tion. It seems reasonable to assume that this was due to the fact that 
section of the chorda abolished all secretory impulses from the central 
nervous system, whereas section of the afferent nerves only reduced the 
flow of impulses. This conclusion is supported by the observation that the 
first saliva produced by an injection of adrenaline is thick and cloudy when 
the chorda has been cut in advance, as if no secretion had been going on 
for some time; after previous bilateral section of the lingual and glosso- 
pharyngeal fibres, on the other hand, the first drop of saliva caused by 
adrenaline is quite clear. The salivary nuclei of the medulla were very likely 
not completely deprived of afferent supply. It is known, for instance, that 
secretion of saliva can be elicited reflexly via other nerves than the lingual 
and glossopharyngeal ones, for instance pharyngeal branches of the vagus. 

When preganglionic parasympathetic denervation of the submaxillary 
gland is intended, usually for practical reasons the chorda-lingual nerve 
is cut instead of the chorda. The present experiments show that under 
such conditions the contralateral gland cannot be regarded as an abso- 
lutely normal gland, to be used as a control, as is often done. In this con- 
nexion it is interesting to note that Strémblad (1956) found unilateral 
section of the chorda-lingual nerve to reduce the amine oxidase activity 
not only of the ipsilateral, but probably also of the contralateral sub- 
maxillary gland. The role played by afferent denervation for the pheno- 
menon of ‘antilytic secretion’ will be discussed in a subsequent paper. 
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SUMMARY 


1, The sensitivity of the submaxillary and parotid glands to chemical 
agents was estimated weekly in cats anaesthetized with short-acting 
barbiturates. | 

2. After section of the lingual fibres medially to the submaxillary ducts, 
or the glossopharyngeal nerves, a supersensitivity was found to develop in 


the submaxillary gland. Section of the glossopharyngeal nerves sensitized _ 


the parotid gland. 


3. The supersensitivity resembled that found after section of the chorda 
tympani but was less pronounced. 
4. The findings support the view that the level of sensitivity of the 


gland cells is in part determined by the intensity of the flow of secretory 
impulses on the glands. 
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ON ‘ANTILYTIC’ SECRETION OF SALIVA 


By N. EMMELIN 
From the Institute of Physiology, University of Lund, Sweden 


‘(Received 17 March 1961) 


The phenomenon of paralytic salivary secretion was discovered by 
Claude Bernard in 1862 and studied by numerous investigators in the 
second half of the nineteenth century (Bernard, 1862, 1864; Kiihne, 1866; 
Bidder, 1867; Heidenhain, 1868; Langley, 1885; Bradford, 1888). The 
finding that paralytic secretion is not obtained in animals under chloralose, 
but is regularly seen when morphine anaesthesia is used, gave rise to the 
theory that the paralytic flow is caused by catechol amines released by 
morphine from the adrenals in amounts sufficiently large to cause a 
secretion from the submaxillary gland cells, sensitized to chemical agents 
by previous section of the chorda tympani; the early investigators in this 
field used morphine as an anaesthetic (see Emmelin, 1952, 1961). 


When experimenting on unilateral paralytic secretion, Heidenhain 


(1868) noticed a flow of saliva from the contralateral, normally innervated, 
’ submaxillary gland also. It was slower than the flow from the denervated 
gland. No hypothesis was attempted to explain this phenomenon (‘Diese 
“Sympathie” beider Driisen ist vorliufig ein véllig unlésbares Riathsel’ ; 


Heidenhain, 1883). Langley (1885) observed this secretion also, and coined — 


the term ‘antiparalytic’ or ‘antilytic’ secretion. 

In order to produce a parasympathetic denervation of the submaxillary 
gland the chorda-lingual trunk is commonly cut instead of the chorda 
alone; the secretory fibres leaving the lingual nerve form several strands, 
and it is considered easier to guarantee a complete section by cutting the 
lingual nerve before these fibres have branched off. In this operation, 
however, afferent fibres from the mouth are severed as well and it has been 
found that unilateral section of the afferent lingual fibres usually causes 
‘an increased sensitivity of both submaxillary glands (Emmelin, 1961). 
Since those investigators who have observed an ‘antilytic’ secretion have 
used morphine as an anaesthetic it is tempting to try to explain this 
phenomenon in the same way as the paralytic secretion; i.e. as due to 
circulating catechol amines acting on supersensitive gland cells. Section 
of the afferent fibres produces a much less pronounced supersensitivity 
than does section of the chorda, which would explain why the ‘antilytic’ 
flow is much slower than the paralytic.’ 
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The present experiments were carried out in order to see whether uni- 
lateral section of the afferent lingual fibres could cause so marked a 
supersensitivity in the contralateral submaxillary gland that a flow of 
saliva was obtained when morphine was used as an anaesthetic. 


METHODS 


The experiments were made on cats. In hexobarbitone anaesthesia the left lingual fibres 
were cut as far medially to the salivary ducts as possible, as previously described (Emmelin, 
19616). Two weeks later the cats were anaesthetized with morphine hydrochloride (25 mg/kg 
intramuscularly) after preliminary ether and both submaxillary ducts cannulated in the 

neck. This experiment was carried out in four cats. 

Three other cats were treated in the same way with the exception that chloralose (80 esi 
intravenously) was used as an anaesthetic instead of morphine in the acute experiment. 
After an observation period of about half an hour the right submaxillary gland was exposed 
and prepared for perfusion in the following way. All branches of the common carotid artery 
except that of the gland were tied; similarly, all tributaries of the external jugular vein 
except one draining the gland were ligated. That-cat was heparinized and about half an 
hour later blood was directed from a cannula in the central part of a carotid artery of a 
heparinized donor cat, anaesthetized with morphine, through a polythene tube and a 
cannula into the peripheral part of the carotid of the experimental animal. The blood 
perfusing the submaxillary gland was not allowed to enter the circulation of the recipient 
but was collected from a cannula in the jugular vein and returned to the donor through a 
venous cannula. 


RESULTS 


In the four cats anaesthetized with morphine some secretion was observed 
from both submaxillary glands; it resembled the paralytic secretion seen 
in earlier experiments (Emmelin & Muren, 1950, 1951q) in being slightly 
irregular and tending to decrease in the course of the experiment. In two 
of the cats the flow was just perceptible, in one of them about one drop 
was produced in 5 min in the early part of the experiment; the remaining 
cat secreted about one drop per minute. There was no great difference in 
secretory rate between the two glands of one and the same animal. In 
the two best secreting animals both suprarenals were removed. This 
caused the flow of saliva to cease within about 3 min. | 

Figure 1 shows the results obtained in one of the perfusion experiments. 
The two submaxillary glands of the cat anaesthetized with chloralose 
showed a marked sensitivity to adrenaline, the right gland producing 
9 drops and the left one 12 drops in response to 10 wg adrenaline/kg 
intravenously. When adrenaline was not given there was no flow of saliva. 
This was the case when the gland had been prepared for perfusion also, 
but as soon as perfusion with blood from the morphine cat had been 
established a secretion started, about one drop falling every minute. The 
flow ceased when 1 mg dihydroergotamine was given ne to the 
morphine cat. 
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Similar although less pronounced results were obtained in the two other 
perfusion experiments. In one of these the flow was stopped by dihydro- 
ergotamine, in the other by removal of the adrenals of the morphine cat. 

In the experiment of Fig. 1 there was no secretion from the normal sub- 
maxillary gland of the morphine cat. In one of the other donor cats a very 
small secretion could be observed in the beginning of the experiment. 


Fig. 1. Secretion of saliva from a submaxillary gland, previously sensitized by 
section of the contralateral lingual fibres. Records from above downward: 
secretion from right (R) and left (L) submaxillary glands of a cat under chloralose 
(CHL.). The left lingual fibres cut 2 weeks earlier. A: intravenous injection of 10 ng 
adrenaline/kg. Line underneath shows no secretion from the left submaxillary gland 
of a donor cat under morphine (MO.). Time marker, minutes. At the arrow perfusion 
of the right gland of the chloralose cat with arterial blood from the donor started, 
and continued throughout the experiment. DHE: intravenous injection of 
1 mg dihydroergotamine into the donor cat. _ ; 


DISCUSSION 7 
In his paper on paralytic secretion reporting also the discovery of the 
phenomenon ‘antilytic’ secretion, Heidenhain (1868) mentions that the 
chorda-lingual nerve of one side had been cut before the acute experiment 
in morphine anaesthesia. The experiments of the present paper seem to 
support the hypothesis that the ‘antilytic’ secretion observed by Heiden- 


hain was the result of two things: (1) There was a marked release of _ 


catechol amines from the adrenals; Elliott (1912) showed morphine to 


have such an effect. (2) The gland cells were supersensitive because of 


previous section of the contralateral afferent lingual fibres. 


Some cases of ‘antilytic’ secretion have also been described by Langley 


(1885). Morphine anaesthesia was employed in these experiments. It is 
not stated that the chorda-lingual nerve was cut; it rather seems as if the 
chorda itself was severed. If so, the catechol amines released had to act 
on cells of normal low sensitivity. There are great individual variations in 
adrenaline sensitivity of submaxillary glands (Emmelin & Muren, 1951). 
In occasional cats the normal gland may be sensitive enough to secrete 
when morphine is given, as is seen in the present and in earlier experiments 
(Emmelin & Muren, 1950). This might explain the observations made by 
Langley. It is possible, however, that this supposition is erroneous and 
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that a complete explanation of the phenomenon of ‘antilytic’ secretion is 
still lacking. 
SUMMARY 


1. Two weeks after unilateral section of the lingual fibres medial to the 


salivary ducts both submaxillary glands of cats under morphine anaes- 
thesia show secretory activity. 

2. Under similar conditions no secretion is obtained if chloralose is used 
- as an anaesthetic instead of morphine; but if the gland is then perfused 
with blood from a cat under morphine anaesthesia, secretion starts. 

3. These experiments throw some light on the phenomenon of ‘ anti - 
lytic’ secretion. 
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THE CHLORIDE CONTENT OF RAT AURICLE 


‘By J. F. LAMB 
From the Department of Veterinary Physiology, 
University of Edinburgh 


(Received 28 November 1960) 


In frog skeletal muscle (Adrian, 1960) and invertebrate muscle (Shaw, 
1955), analysis has shown that the intracellular concentration of chloride 
is of the value expected if the ions were passively distributed around the 
resting membrane potential. This view was further strengthened by 
electrical experiments by Hodgkin & Horowicz (1959) and by Adrian 
(1960) on frog skeletal muscle, who showed that the membrane potential 
behaves in the way expected for passive distribution of chloride. 

In cardiac muscle, on the other hand, there is less evidence on the 
chloride distribution. In the older analytical literature, e.g. Lohmann & 
Weicher (1934), Clark, Eggleton, Eggleton, Gaddie & Stewart (1938), it 
was shown that heart muscle contained more chloride than skeletal muscle, 
but this was difficult to interpret in the absence of simultaneous extra- 
cellular space measurements. More recent analyses by Robertson & Peyser - . 
(1956) and Barclay, Hamley & Houghton (1959), while showing a wide © 
scatter of values, suggested that the intracellular levels of chloride were 
quite high. This was supported by the electrical experiments of Hutter & 
Noble (1959), which suggested that the chloride equilibrium potential was 
appreciably less than the maximum diastolic potential. 

In the present experiments it will be shown that there is a considerable. 
amount of chloride in heart cells, corresponding to an equilibrium potential 
of about 47 mV. A preliminary account of some of these experiments has 
already been given (Lamb, 1960a, b), but some of the conclusions reached 
in these papers were incorrect. 


METHODS 


‘The animals used were 5-months-old Wistar Albino Glaxo rats, mostly female but with 
a few males. They were fed on ordinary diet and not starved before the experiments, 

The general experimental procedure was to anaesthetize the animal with an intraperitoneal 
injection of urethane, remove the heart and then dissect free the left auricle in a paraffin-wax 
bath in Tyrode solution at 6° C. The auricle was then either suspended from a silver frame 
in Tyrode solution at 37° C in a test-tube (and hence left quiescent), or placed in an experi- 
mental bath in Tyrode solution at 35° C and driven at 1/sec, and action potentials recorded 
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with an intracellular electrode and conventional amplifying equipment. In a few experi- 
ments the auricles were snipped off the intact hearts and then analysed, with no contact 
with Tyrode solution. 
Solutions 

The NaCl Tyrode solution had the following composition (m-mole/l.): Na 149-3; K 2-7; 
Ca 1-8; Mg 1-05; Cl 145-4; HCO, 114-9; phosphate 0-4; glucose 5-56. The NaBr Tyrode 
solution was prepared by replacing the NaCl in this basic solution by an equivalent amount 
of NaBr. The choline chloride solution contained (m-mole/l.) choline 160, calcium 1:8, 
chloride 163-6, and atropine sulphate 1 mg/l. All solutions were equilibrated with 95 % O, 

% CO, during use. 

Chloride analysis 

The method used for the analysis was suggested by P. Croghan (see Ramsay, Brown & 
Croghan, 1955), and was an electrometric method. Initial experiments on the recovery of 
the chloride from the tissue showed that the greatest recovery was obtained when the hearts 


were soaked in 5 % nitric acid in the cold, and that dry ashing (no acid added) at tempera- 


tures of 300—500° C produced chloride losses of 20-50%. Recovery experiments with NaCl 
only in a crucible showed no loss at 300° C. 

After blotting the auricles, they were placed in crucibles 22 mm in diameter and height 
and then dried at 60° C for 0-5 hr. To each crucible was added 0-3 ml. of a 5% solution of 
nitric acid, and the hearts were then allowed to stand overnight (18 hr) in the refrigerator. 
Next day the crucibles were removed and allowed to reach room temperature, and the 
chloride was then estimated directly in the crucible. 


Extracellular space measurement 


Sucrose spaces. An isotonic solution of sucrose (9-64 g/100 ml.) was smobared and kept in 
the refrigerator. Tyrode solution without the glucose was mixed in a proportion of 1 part of 
the sucrose solution to 9 parts of Tyrode, giving a final sucrose concentration of about 1%. 

Auricles were soaked in this solution in the usual way for 20-25 min (Johnson, 1957) and 
were then removed, blotted and placed in 5 ml. crucibles. They were dried at 60° C for 
0-5 hr and weighed as usual. To each crucible was added 0-5 ml. of water, and the hearts 
were allowed to soak in this for 0-5 hr. 

The sucrose content of the supernatant was then measured by the method of Heyrovsky 
(1956) after the auricle had been removed. (The method consists of adding b-indoly] acetic 
acid and concentrated HCl and then incubating the mixture in a water-bath at 35° C for 
70 min. The resulting colour was read on a Hilger Spectrophotometer at 5300 A.) It was 
found to be essential to run a heart blank with each batch of auricles, the necessary correction 
re the apparent sucrose content by about 15%. 


Sodium wash-out technique 


The principle of the method (i.e. that at low temperatures it was possible to aie the 
efflux components due to intracellular sodium from those due to the extracellular sodium) 
was suggested by Dr A. M. Shanes and (separately) by Dr O. F. Hutter in conversation, 
and was adapted from a method used by Krnjevié (1955) for the sciatic nerves of cats. In 


principle the hearts were washed with an isotonic solution of choline chloride at 5° C for 


varying periods, and then analysed for their sodium content. 


experiments 
**Br was obtained from Harwell in the form of the ammonium salt. This was dissolved in 
distilled water and an equivalent quantity of NaOH was added. An appropriate amount of 
this solution was then placed in a test tube and dried, and 10 ml. of Tyrode solution was 
added. The exact technique of this preparation varied with the activity of the **Br. When 
very active the Na®Br was added to the normal Tyrode solution, thus increasing the sodium 
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and halogen content by about 1-2 %. When less active, an equivalent quantity of NaCl was 
omitted from the Tyrode diluting medium. The amount of Br introduced into the NaCl 
Tyrode solution in this way never exceeded 5 % of the total halogen. The final activity of 
this solution was about 20 yc/ml. 


For the *Br efflux experiments the auricles were soaked in this solution at 37° C for 1 hr, 
and then transferred through a series of test tubes containing 5 ml. of inactive Tyrode 
solution. The activity of the fluid in each test-tube, that of the soak-in fluid, and that 
remaining in the auricle was then measured with a well scintillation counter and scaler. 
All the efflux experiments were done at a temperature of 3-4° C (see Results section). 

The influx experiments were done by soaking the auricles in the active solution, either at 
37° C or at 4° C, for various times, and then following the efflux i in the usual way, but for 
a shorter time. 


Two experiments were done in which ®**Br was injected into the intact rat, and the efflux 
from the auricle then followed in the usual way. For this purpose 1 mc of Na*®*Br was injected 
into the peritoneal cavity of each rat (anaesthetized) and the animal left for 2 hr (no urine 
was passed during this time). The abdomen was then opened, a sample of blood was removed 
and spun down for the serum, and the auricle was then snipped off and the efflux started 
at 4° C in Tyrode solution. As the influx at 4° C (see Results) was negligible during the first 
minute, it seemed safe to assume that this procedure gave a measure of the **Br introduced 
into the cells while the heart was in the animal and was not influenced by being immersed in 
Tyrode solution. 


RESULTS 


Extracellular space. The value for this obtained by sucrose was 25-1 + 0-7 
(s.E. of mean) g/100 g wet weight (1135 g/kg dry weight) in ten auricles 
. with a mean wet weight of 14-2 + 0-9 mg and a water content of 77:8 + 0-4% 
(3540 g/kg dry weight). The value obtained by the sodium efflux method 
was 24-8 ¢/100g wet weight, after the application of a correction for 
diffusion in the extracellular space (Dainty & Krnjevi¢, 1955). These 
figures agree with that of 25-4 °%% found by Barclay et al. (1959) in perfused 
rat auricles; no other figures were found in the literature for rat auricle. 
It has been assumed that auricles with a water content of 78°% have an 
inttacellular water content 53% (2410 g/kg dry weight) and an extra- 
cellular space of 25%. 

Chloride analysis. The chloride contents of groups of auricles under 
various conditions are shown in Table 1. Also shown is the mean value 
obtained for the serum chloride of four of the rats in group 1. This value 
for serum chloride is close to that of 110 m-mole/kg plasma found by 
Conway & Hingerty (1946). The main points demonstrated are as follows: 


1. When the auricles are exposed to Tyrode’s solution, there is an uptake of 
chloride of the order of 120 m-mole/kg dry os that is, about +70 a 
of the initial value. 

. 2. This uptake occurs over the first 15 min of exposure in driven auricles 
but may take longer in quiescent auricles. 


3. About 40 siesta dry weight of this chloride incréase can be 
27-2 
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accounted for in terms of the difference in the chloride content between 
plasma and Tyrode medium. 


4. The rest of the increase, some 80 m-mole/kg dry weight, can only be 
accounted for by the increase in the total water content if this increase is 
all extracellular. 


5. The calculated values of intracellular chloride from these results, 
assuming a constant intracellular water of 2410 g/kg dry weight, are 


32 m-mole/kg fibre water in the living animals and 36 m-mole/kg fibre 
water in the soaked auricles (mean of 15 min and 1 hr). 


Taste 1. Table showing chloride content of auricles and plasma under various 
conditions. T represents normal Tyrode solution 


Cl content 
No. of (m-mole/kg Water content 
Treatment samples dry weight) s.£. of mean (g/kg dry weight) 
No Tyrode 7 176 5 3340 
0-5 min T at 6° C 4 225 4-4 3610 
15min T at 37°C 9 310 12-5 7 4030 
(driven at 60/min) 
120 min T at 37° C 14 284 9-7 3680 
(quiescent) 
lasma 4 _ 108 1 Not measured 
m-mole/kg 
plasma 


Estimation of the intracellular chloride by this method is open to the 
criticism that the result is very dependent on the accuracy of the extra- 
cellular space measurement, and on whether the chloride and the sugar 
penetrate the same volume. It was, therefore, felt to be desirable to 
estimate the intracellular chloride in another way. 


One suitable method is to analyse the wash-out curves of chloride from — 
auricles, this giving a direct estimate of the amount of chloride in the - 


intracellular compartment (see Shanes, 1957 for a general discussion of the 


technique as applied to nerve, and Dainty & Krnjevi¢, 1955). Unfortu- 


nately chloride has no really convenient radioactive isotope, and use was 
therefore made of **Br, which has a half-life of 36 hr. The justification for 
this was (1) that the total chloride, bromide and iodide contents of auricles 
under similar conditions are the same, (2) that the specific activity of four 
auricles in a NaCl Tyrode solution containing trace amounts of **Br was 
the same as the medium after soaking for 1 hr, and (3) wash-out curves of 
Br into a NaBr Tyrode solution gave similar results to those into a 
NaCl Tyrode medium. Nevertheless, the use of ®*Br as a tracer for chloride 
can only give an indirect estimate of the intracellular chloride and there- 
fore the term ‘apparent chloride content’ of the cells has been used. 
Tracer experiments. In Fig. 1 is shown a typical wash-out curve for an 
auricle at 3° C plotted staid It is seen that the initial fast 
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phase lasts some 10-20 min, and is then followed by a slower, nearly 
exponential portion. It may be assumed that the initial part of the curve 
represents bromide leaving the extracellular space, and that the slow part 
represents bromide leaving the cells (cf. Keynes, 1954; Shanes, 1957). If 
this is so, then the intracellular bromide content at the start of the wash- 
out can be estimated by extrapolation of the slow part of the curve to zero 
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Fig. 1. Loss of labelled bromide from rat auricles at 3° C (upper curve) and 37° C 

' (lower curve) after soaking in NaCl Tyrode solution containing trace amounts of 
®Br at 37° C for 1 hr. At the arrow, temperature was increased from 3 to 37° C in. 
the upper curve. . Slow part of the upper curve fitted with a straight line by eye. 
Apparent chloride content of the tissues calculated from the specific activity of the 
medium, assuming that bromide and chloride are distributed in the samne way. 
Error of counts (+2 x s.E.) was less than the diameter of the symbol used for each 
point. Semi-log. scale. | 


time (Fig. 1). This can only be a rough estimate, as it has been shown by 
Dainty & Krnjevié (1955) that the value has to be corrected for slow 
diffusion in the extracellular space. The amount of correction required 
depends essentially on the rate constants of the slow and fast. components 
of the efflux curve. Unfortunately in these tissues the fast component 
obtained by subtracting the linear extrapolation from the original record 
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has a complicated form (see Keynes, 1954) and it is therefore not possible 
to apply the correction for diffusion in the extracellular space in any 

' rigorous fashion; but if it is assumed that the initial half of this fast process 
is a fair approximation to the diffusion process then the correction required 
is only a few per cent. No correction has been applied to the linear extra- 
polations obtained in this paper, so that probably all the values obtained 
are a few per cent too high. 


¥ 


calculated from ®Br content 
Ss 88 88 


Apparent chloride content of auricle (m-mole/kg dry wt.) 


Minutes 
Fig. 2. Loss of labelled bromide from rat auricle at 3° C after loading the rat with 
radioactive bromide 2 hr before death. Straight line fitted to slow part by regression 
equation. Apparent chloride content of the auricle calculated from the specific 
_ activity of the plasma, assuming that bromide and chloride are distributed i in the 
same way. Errors as in Fig. 1. Semi-log. scale. 


With wash-out curves obtained at 37° C there were no separable com- 
ponents in eight out of ten experiments. In two cases, however, an efflux 
curve was obtained with a fast and slow component as at 3°C. In one of 
these experiments the efflux curve was repeated, with a similar result. 
As far as was known these auricles were treated in the same way as the 
others, and no reason can be given for this difference. Consequently, all 
the effluxes were measured at 3—4° C, where curves of the type shown in 
Fig. 1 were obtained consistently. 

In Fig. 2 is shown one of the efflux curves from the auricles loaded with 
®Br while still in the rat. From these and other similar curves, assuming 
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the distribution of Br and Cl to be identical, the amount of chloride in the 
cells of intact (beating) and soaked (quiescent) auricles has been calculated. 
The values obtained are shown in Table 2. 

One experiment was done in which the left and the right auricles were 
left connected during the soak-in period, so that the left auricle was being 
driven at about 200/min. This auricle (Table 2) also had the same order of 
apparent chloride content as the others. | 


Taste 2, Apparent intracellular chloride contents calculated from *Br experiments. All 
wash-outs carried out at 3° C. All uptakes at 37° C except those indicated. All auricles were 
quiescent except those indicated. In lower part of table each auricle used twice. T represents 
Tyrode solution 


Apparent intracellular 


chloride (m-mole/kg 


®Br treatment mg dry weight) 
1 hr NaCl T 3-1 64-6 
3-0 53-6 
3-5 67-9 
3-4 42-6 
2:4 59-5 
2-4 62-5 
2-7 48-7 
1 hr NaCl T | 1-6 67-7 
(beating at 200/min) 
1 hr NaBr T 4-0 56-5 | 
4-5 71:0 
Mean 659-5+ 2-8 (s.z.) 
1 min NaCl T 2-8 43-7 | 
5 min — 
3 min 2-4 70-8 
8 min 69-3 
1 min NaBr T*. 2-2 Tt 
6 min* — 19-8 
3 min* 3-0 5-0 
104 min* 12-2 
2 hr in vivo 2-5 41-0 
1-9 53-0 
* 4°C. + Not detectable. 


Uptake experiments. So far it has been assumed that the cells came into 
equilibrium with the ®Br in the Tyrode in the hour’s soak-in time. In 
Table 2 (lower part) are shown the apparent intracellular chloride values 
obtained after uptakes at 37 and 4° C for the times shown. It can be seen’ 
that after 1 min at 37°C the value reached is already within the range 
found after 1 hr uptake, so that one hour’s soaking should be adequate for 
full equilibrium to be reached. Also, when checked in four experiments, the 
specific activity of the tissues equalled that of the soak-in fluid after one 
hour’s soaking. 


Effect of temperature on fluxes. Figure 1 shows the typical effect of 
temperature on the slow part of the efflux. Table 2 (lower part) also shows 
the effect of a temperature of 4° C on the uptake of *Br by the cells. 
After 1 min no intracellular component could be detected and the greatest 
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value attained during the first 10 min of uptake at 4° C was less than half 
of the value expected at 37° C. 

Intracellular chloride level. The mean apparent [Cl]; value in auricles 
soaked in Tyrode solution for 1 hr, taking the intracellular water content 
as 2410 g/kg dry weight, is, from Table 2, 25+1m-mole/kg fibre water. 
That for the two auricles removed from the rat after loading in vivo is 
19-5 m-mole/kg fibre water, calculated for the same intracellular space as 
the soaked auricles. Clearly, then, the intracellular chloride values deter- 


mined in this way are similar whether the auricles are soaked in Tyrode | 


solution or not. 
TABLE 3. Distribution of chloride (m-mole/kg dry wt.) in freshly dissected and soaked 
auricles. The measured extracellular space of soaked auricles is 1135 g/kg dry weight 


Apparent Calculated Extracellular water 
intracellular extracellular required to hold 


Total Cl -— chloride chloride this chloride 
_ Freshly dissected auricles § 176 47 129 1195 (at 108 mm) 
Tyrode-soaked auricles 284 60 224 1540 (at 145 mm) 


For soaked and non-soaked auricles both the apparent intracellular 


chloride and the total chloride contents are known, so that the chloride | 


in the extracellular space can be obtained from the difference, and hence 
the space required to hold it. These calculations are shown in Table 3. The 
observed extracellular space in soaked auricles is 1135 g/kg dry weight, 
which is some 35°%, lower than'that required to hold all the chloride. As 
the extracellular space measured by two different methods, and that found 


in the literature, all agree to within 2%, it seems unlikely that an error of* 


30% could be present. 
DISCUSSION 


Chloride uptake. The results presented here show that auricles exposed. 
to Tyrode solution take up about 70° more chloride than was originally 
present in them. This uptake takes place in the first 15 min in auricles 
driven at 1/sec, but may take longer in quiescent auricles. In the present 
_ experiments the auricles also took up water on soaking in Tyrode solution, 
and as the extracellular space was only measured in the soaked preparation 
it is not known which compartment this water entered. If it is assumed 
that all the water increase was extracellular (as suggested by the results 
of Hercus, McDowall & Mendel, 1955) then nearly all the extra chloride 
can be accounted for in the extracellular space. On the other hand, if some 
or nearly all the extra water entered the cells, then this extra chloride 
cannot be accounted for in this simple way. Evidence in favour of this 
latter view is shown in Table 3, in which the calculated space required to 
hold the extracellular chloride in freshly dissected auricles is within 5%, of 
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that estimated in the soaked auricles, whereas the calculated extracellular 
space for soaked auricles is some 35°, higher than that observed under 
the same conditions. If these figures are correct they suggest that chloride 
in soaked auricles becomes distributed in a larger extracellular space than 
is available to the sucrose and sodium. 

In frog sartorius Eggleton, Eggleton & Hamilton (1937) showed that 


_ the chloride ‘space’ increased from about 14°, ‘in the body to 30% in 


soaking in Ringer’s solution or on perfusing the limb with Ringer’s 
solution. The size of the chloride space in the living frog agrees well with 


_ the usually accepted value for the extracellular space of soaked sartorii 


(Boyle & Conway, 1941; Desmedt, 1953), so that the increase of the total 
chloride is unlikely to be due to a large extracellular space. Recently 
Adrian (1960) has reported low figures for intracellular chloride in soaked 
sartorii (measured by analysis of **Cl efflux curves), thus making it 
unlikely that the extra chloride enters the cells. It seems likely, then, that 
in skeletal as in heart muscle there is an uptake of chloride on exposure to 
a salt solution and that this uptake cannot be accounted for in simple terms. 

Intracellular chloride concentration. Because of this uncertainty about 
the distribution of the extra chloride, it is probable that values of intra- 
cellular chloride obtained by calculation from the total chloride and the 
extracellular space in heart and skeletal muscle are unreliable. Thus the 
figures given by Lamb (1960) for the effect of DNP on the chloride content 


_ of rat auricle do not now provide any evidence for the active transport of © 


chloride. | | 

With the assumption that bromide and chloride are distributed in a 
similar way in heart, the apparent intracellular chloride contents can be 
used to calculate the equilibrium potential for chloride. In intact auricles 
in the rat the intracellular chloride is 19-5 m-mole/kg fibre water and the 
plasma chloride 108 m-mole/I., giving an equilibrium potential for chloride 
of 46 mV. The corresponding figures for soaked auricles are 25 m-mole/kg 
fibre water and 145 m-mole/l. Tyrode solution, with an equilibrium 
potential of 47 mV. These experiments probably over-estimate the intra- 
cellular chloride, and if for example the true values are 10°% lower, then 
these equilibrium potentials would be about 3 mV greater. 

In the living animal the maximum diastolic potential is likely to be 
about 80 mV (80+0-9 mV in Tyrode solution, Lamb 19606), with action 
potentials superimposed on it at a rate of 300/min, each lasting about 
50 msec. This means that the membrane potential will be less than the 
maximum diastolic potential for about a quarter of the total time, and 
therefore it is possible (depending on the permeability to chloride during 
the action potential) that chloride is passively distributed around a 
potential less than the maximum diastolic one, in the living animal. 
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It is not known with certainty what the resting potential in the soaked 
quiescent preparation was, there being no direct evidence on this point 
in these experiments. If heart is like skeletal muscle, then lack of activity 
will not prevent the resting potential from being close to 80 mV. If this 
is so, then the expected [Cl], will be 7 m-mole/kg fibre water, a value about 
a third of that observed. 

In view of these considerations it is not possible, on the present evidence, 
to say whether or not the apparently high value of [Cl], in rat auricle (and 
presumably other heart tissues) is consistent with passive distribution 
across the membrane or due to active inward transport of chloride. It 
seems reasonably clear, however, that the chloride equilibrium potential 
is substantially less than the maximum diastolic potential and, as this is 
maintained during the hour’s quiescence despite a high rate of exchange 
across the membrane, it suggests that the normal repetitive activity of 
the heart has little influence on the distribution of chloride. 


SUMMARY 


1. Experiments have been done with rat auricles, removed direct from 
the animals and also soaked in Tyrode solution. Measurements of extra- 
cellular space, total chloride and apparent intracellular chloride (by “Br 
efflux) have been carried out. . 

2. Rat auricles take up some 70° more chloride on exposure to Tyrode 
solution than they contain in the intact animal. 

3. This extra chloride cannot easily be accounted for on the basis of an 
increased extracellular space, nor by an increase of the intracellular 
chloride content. 3 

4. In the intact animal the plasma chloride is 108 m-mole/kg and the 
apparent intracellular chloride 19-5 m-mole/kg fibre water. In the Tyrode- 
soaked auricles the intracellular chloride rises to 25 m-mole/kg fibre water 
with an extracellular chloride of 145 m-mole/kg. The equilibrium potential 
for chloride in these two states is therefore about 47 mV. 

I am very indebted to Dr J. R. Greening and the staff of the Medical Physics Unit, 


12 George Square, Edinburgh, for help and facilities given during these experiments; and 
to Dr P. C. Croghan for instruction in the method of chloride analysis. 
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The flow of blood in the pulmonary artery is pulsatile but it can be 
analysed, as can systemic arterial flow (McDonald, 1960), by resolving it 
into two components. These are a steady, or mean, forward flow throughout 
the cardiac cycle and an oscillatory flow which fluctuates about that mean. 
The ratio of the mean pressure drop between the pulmonary artery and the 
left atrium to the mean flow has been extensively studied and is defined as 
the vascular resistance. By a similar analogy with the electrical terms for 
alternating current, the relationship between the oscillatory pressure and 
the oscillatory flow at the origin of the pulmonary trunk may be described 
in terms of the fluid input impedance. 

This latter concept has been developed at length in previous reviews 
(McDonald & Taylor, 1959; McDonald, 1960). The term input impedance 


can only be precisely applied to a simple harmonic oscillation at a given ~ 


frequency. Thus, if the pressure and flow created by the heart are measured, 
a Fourier, or harmonic, analysis of both curves is necessary. In the series of 
experiments reported here we have imposed sinusoidal oscillations, gene- 
rated by a pump, on to a steady flow in perfused rabbit lungs, While more 
artificial than the study of flow from the heart, the technique has enabled 
us to make measurements with greater ease and precision over a more 
varied range of frequencies. — 

Preliminary communications on these topics have been scaeaited to the 


Physiological Society ; that is, on wave velocity (Caro & McDonald, 1960) — 


and on the input impedance (Bergel, Caro & McDonald, 1960). 


METHODS 
A series of twenty-four rabbits (2-3-4-6 kg) were anaesthetized with 1.v. pentobarbitone 


(Nembutal, Abbott Laboratories; 30 mg/kg body wt.) and heparinized (1_ml. Roche | 


Liquemin containing 5000 i.u.). A rib was resected and the thorax widely excised. The 
animal was bled to death. For perfusion of the pulmonary bed a somewhat angled glass 
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cannula was introduced into the pulmonary artery through an incision in the right ventricle; 
it was held by a ligature just distal to the pulmonary valves. The cannula had a side arm 
(bore ca. 3 mm) which was connected .to a manometer. A second cannula was inserted into 
the left atrium through an incision in the left ventricle and connected to a constant-level 
reservoir. Normally this was held so that the atrium was at atmospheric pressure. A 
diagram of the apparatus is shown in Fig. 1. Perfusion was carried out with isotonic saline 
solution in nearly all experiments. In some, Dextran (Dextraven, Bengers Ltd.) was sub- 
stituted in an effort to retard the onset of pulmonary oedema, but was abandoned because 
it was without effect. | 


RR 
FM 
HPR : 9 
CM 
WM 
V 
P LP 


Fig. 1. A diagram of the apparatus used for measuring the input impedance and 

_ the wave-velocity in the pulmonary arterial bed of a rabbit. A compressed air; 
C cannula; CM capacitance manometers; FM flowmeter; HPR high-pressure 
perfusion reservoir; LP lead pipe; O oscilloscope; P pump; PR perfusion reservoir; 
R reservoir; RR resolver relays, controls and meters; RV reducing valve; WM 
water manometer. 3 


Oscillatory flow. This was generated by a cam-driven sinusoidal pump designed by Taylor 
(19576, 1959), using the barrel of a 5 ml. all-glass syringe. The output is known to contain 
not more than 2-3 % of second harmonic. Pump frequencies were held steady by the use of 
a velodyne motor. With 4:1 reduction gearing the frequency range studied was from 3 to 
20 c/s, and a later change enabled us to study the range 1-13 c/s; at frequencies below 3 c/s 
a flywheel on the motor shaft improved the evenness of running. The stroke volume was 
varied between 0-08 and 0-72 ml. in various experiments. The linear displacement of the 
piston was measured by means of a vernier caliper; a calibration curve relating this to the 
volume displacement was made with a micro-burette, and shown to be a straight line. 

In order to ensure that the oscillatory flow created by the pump was identical to that at 
the pulmonary cannula the two were connected by a 1 m length of lead piping (ext. diam. 
12-5 mm; wall thickness 2 mm) with brass adaptors at either end. To reduce the likelihood 
of air bubbles becoming trapped the apparatus was cleaned with Teepol each day and the 
animal was arranged on a stand so that the pipe ran up at an angle of about 25° throughout. 
Any bubbles moved by flushing therefore became visible in the glass pulmonary cannula. 
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The pump assembly was made of Perspex and contained taps where bubbles could be 
removed. These precautions are important, for an air bubble in the lead pipe can markedly 
alter the amplitude and phase of the flow at the cannula relative to that created by the 
pump. Bubbles close to the manometer will, of course, introduce marked distortion in the 
pressure recording. At the higher frequencies pressures which are subatmospheric may easily 
be created at the pump and air sucked in—even when the joints appear to be tight. 

Steady flow. Steady perfusion was created from a 10 1. glass reservoir enclosed in expanded 
metal and kept at an absolute pressure of 2 atm from a compressed-air source. This was linked 
to the lungs through a screw-reducing valve (Bassett Lowke) at a proximal end of the lead 
piping. Thelarge pressure drop across this valve wes designed to ensure that no oscillatory 
flow passed into the reservoir. Steady flow was measured by recording the pressure drop 


across a capillary tube (length 22 cm; bore 2mm) inserted in the high-pressure line. This. 


pressure drop was measured by a mercury U-tube sealed to the two ends. A calibration 
curve was made of the pressure difference against known volume flows—owing to inlet 
length effects this relation was not linear. In nearly all experiments flow was adjusted so 
that the mean pressure in the pulmonary artery was 10 mm Hg. 

The fact that no oscillations were observed on the steady-flow meter indicates that none 
of the pump-generated flow was leaking back into the reservoir. An additional check was 
made by measuring the input impedance of a length of rubber tube clamped at the far end. 
This was done first with the valve completely closed and then with the valve open the usual 
amount but with the reservoir at atmospheric pressure. No difference could be detected 
under these unfavourable conditions (for the impedance of the tube was higher than that of 
the pulmonary bed and the impedance of the valve would obviously be raised by subjecting 
the far side to an extra pressure of 1 atmosphere); hence it was assumed that no — 
distortion of recorded values occurred. 

A second small perfusion reservoir, whose height could be varied, was used for main- 
taining perfusion of the lungs during setting up and while refilling the high-pressure reservoir. 
This was connected to the side arm of the perfusion cannula. It was also used for mano- 
meter calibration in conjunction with a water manometer which could be switched into the 
circuit. 

Inflation of the lungs. In the earlier experiments the lungs were inflated to a measured 
pressure and this was held constant throughout a run over the whole frequency range of the 
pump. When it was found that the impedance varied very little with the degree of inflation 


of the lungs, cyclical positive pressure inflation from a respiratory pump (Palmers Ltd) was 


_ substituted for static inflation. The impression was gained that the onset of oedema occurred 


later when cyclical inflation was used. Lung pressure was measured: throughout tele a water 


manometer. 
Measurement of pressure 


As the rate of the oscillatory flow was determined by the stroke and frequency of the 
pump, the only variable that needed to be recorded, in order to measure the input impedance, 
was the pressure at the input into the pulmonary vascular bed. This was measured with a 
capacitance manometer (Southern Instruments Ltd) attached directly through a three-way 
metal tap (connecting with the subsidiary perfusion reservoir) to the wide glass side arm of 
the pulmonary cannula. As the 400 mm Hg head was normally used the resonant frequency 
of the manometer and connexions was about 400 c/s and the damping was about 0-02. The 
maximum frequency imposed was 20 c/s, therefore there was no appreciable distortion of 
either amplitude or phase. The sensitivity of the manometer was increased in all experiments 
_ small stroke volumes by placing an additional amplifier between the manometer and 
resolver. 

The output of the manometer was displayed on a Cossor 1049 two-beam eile but 
this was principally used as a monitor to ensure that there was no deviation from a sinusoidal 
wave form. Measurements of pressure were made through an harmonic resolver (Taylor, 
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19576, 1959). In principle this depends on two half-wave rectifications of the wave by two 
two-pole chopper relays activated by two sets of contacts 180° apart on a wheel driven off 
the cam-shaft of the pump. The two sets of contacts were 90° out of phase with each other 
and two damped centre-reading meters then read the integral value of the cosine and sine 
Fourier components of the pressure wave. The method of calculating the modulus and phase 
of the impedance from these readings is discussed below. The resolver was arranged so that 
it could be switched to the input of a second manometer (when wave velocity was being 
measured); other contacts were fixed on the resolver wheel so that any second and third 
harmonics of the pump frequency could be detected and measured. 


Measurement of wave velocity 


The apparent phase velocity of a pressure wave is defined by the phase shift of a single 
harmonic component over a known distance. Pressure was measured, as described above, at 
the origin of the pulmonary artery and simultaneously with an additional capacitance 
manometer from a site in a peripheral pulmonary artery. By the use of the resolver the phase 
shift. of the wave between these points could be determined. 

The method of cannulating a peripheral pulmonary artery was as follows: A measured 
length of 1-0 or 1-5 mm bore stiff nylon tubing, threaded over a somewhat longer piece of 
catgut, was passed along the arterial bed until it wedged in a peripheral artery. The tubing 
was then forced through the lung surface and drawn out to the exterior until its proximal 
end lay at the point where it had wedged, when it was secured by an exterior ligature. The 
catgut was then seized at the pulmonary valves and pulled out of the arterial tree; measure- 
ment of its length minus the length of the nylon tube then gave the distance between the 
origin of the pulmonary artery and the proximal tip of the peripheral catheter. In the first 
two experiments on the wave velocity the distance was measured externally, but these values 
are not regarded as being so accurate as those measured with the catgut. 

A second capacitance manometer was attached to the nylon tubing which was cut off at as 
short a distance as was feasible. Nevertheless the resonant frequency was less than that of 
the proximal manometer. With the stiffest membrane (400 mm Hg head) it was ca. 300 c/s 
or higher; with a less stiff membrane (200 mm Hg head) it was 150-180 c/s with a damping 
ea. 0-1 or smaller. This is still over ten times the highest frequency used to measure wave 
velocity, and so is regarded as tolerable (McDonald, 1960, Ch. 11). The expected phase error 
at 15 c/s might, however, be as much as 0-1 radians. As the measured phase shift at this 
frequency was often well over 2a radians no attempt was made to correct for phase error in 
the distal manometer. 

Pressure measurement in pulmonary veins 

A length of nylon tube, similar to that used in the arterial measurements, was passed 
through a small incision in the left atrial appendage into a pulmonary vein and advanced 
until its tip was seen to lie in the region of the confluence of the lobar veins. Pressure 
recording was the same as for recording in the peripheral arteries. The phase shift between 
the origin and the veins was recorded but phase velocities could not be determined, as } the 
length of the path through the capillary bed could not be measured. 


Sources of error 
The most potent s source of error in impedance measurements is the presente of air bubbles, © 
The precautions taken to eliminate these have been described. Nevertheless, bubbles did 
occasionally lodge in the lead pipe. If this occurred during a run there was usually an 
unexpected change in the phase of the pressure readings, or possibly a drop in the amplitude 
of the pressure oscillation. Whenever bubbles were discovered the rere readings of the 
run were discarded. 
A second source of error is introduced by the fact that the vascular bed is a non-linear 
system (Womersley, 1957). This is shown by the fact that a virtually pure sinusoidal input 
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gives rise to an appreciable amount of second and éven third harmonic. This problem has 
only been investigated very superficially in the present work. The main reason for this was 
the great complication it would have added to the work. In addition, faults developed in 
the contacts for higher harmonics on the resolver. In practice we accepted any results in 
which the output appeared sinusoidal on the monitor CRO. This would tolerate up to 10 % 
of second harmonic, 

The development of higher harmonics is due in large part to the oscillatory dilatation of 
the vessels and hence to the amplitude of the oscillatory pressure developed. As the oscil- 
latory pressure increases with frequency, with a constant stroke on the pump, these errors 
are much greater at the upper end of the range. In practice we found very little distortion 


provided that the amplitude of the oscillatory pressure did not exceed the mean pressure. 


In early experiments with relatively large stroke volumes the pressure swings reached over 
150 % of the mean pressure and the wave form became grossly distorted. The inclusion of 
these results appears to account for the larger scatter in the — impedance at ~ fre- 
quencies. 

The way to obviate this was to use a much smaller stroke volume. This raises the converse 
difficulty that the pressure oscillations were very small at low frequencies, e.g. if they are 
+10 cm ‘H,0 at 16 c/s then they may only be +0-5 cm H,O at 1 c/s. Such pressure oscil- 
lations were in fact measured with the aid of the additional amplifier in the manometer 
output. When measured with a manometer designed to work over the range 0-400 mm Hg 
this naturally raises a question of accuracy. In fact, both calibration studies and the fact 
that the reproducibility of results were best where the pressure readings were lowest 
(usually around 3-4 c/s) suggest that this manometer was recording these small oscillations 
accurately. 

The calibration of the manometers has been discussed above. Taylor (1959) has also noted 
that the response time of the relays in the resolver, although only 1-9 msec, introduces an 
appreciable phase error—ca. 0-25 radians at 20 c/s. As the absolute phase was not considered 
in any detail this correction has not been made. In measuring wave velocity these phase 
errors will be the same for each recording point and hence not appear in the phase difference. 
The principal source of error here is in measuring the distance between the recording points. 
The methods used for doing this have been detailed above. Estimates made by the catgut 
method and external measurement might differ by as much as 1 cm and thus in a 4cm 
pathway might cause a 25 % error. In practice the value obtained by the catgut method was 
accepted. In the two experiments where external measurements only were used the results 
may well be 15-20 % too high (they were the two highest velocities recorded). 2 

The measured wave velocity will be the sum of the true wave velocity and the mean flow 
velocity (McDonald & Taylor, 1959). Over the main part of the arterial bed the mean 
velocity of flow is probably not more than 3-5 % of the wave velocity; in the pulmonary 
trunk, however, flow velocity may be as much as 30% of the measured wave velocity and 
allowance for this would be needed. 

The transmission of vibrations from the pump to the proximal manometer was very 
difficult to eliminate because of the rigid connexions. It was minimized by constructing all 
supports on the operating table of tubular scaffolding. The vibrations in the input pressure 
record were of a very much higher frequency than the pump oscillation and so were not 
recorded by the resolver. The manometer used to measure the peripheral arterial or venous 
pressure was suspended independently and as it was attached to a flexible catheter was not 
subject to vibration. Considerable care was taken to see that none of the small venous 
pressure oscillations were due to this cause by showing that not only were they not in phase 
with the input but that the phase lag increased reerer with frequency. Hence it was 


~ due to a transmission time. 
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Calculation of results 

The units for impedance in this study have been dyn.sec/em®. That is the pressure 
(dyn/cm?*) divided by the volume flow (cm*/sec). This unit has been adopted in spite of the 
reasons advanced by Taylor (1959) and McDonald (1960) for using the ratio of pressure to 
average linear velocity of flow—making the unit dyn.sec/cm*. This has been done because 
of the difficulty of measuring the true diameter of the pulmonary trunk with a glass cannula 
in it, in order to derive the linear velocity from the measured volume flux. Cotton (1960) has 
also argued that the volume flux is a better analogue of Glectrical current than is velocity. 
Either system is internally consistent. 

The rate of volume flow (Q) is determined by the amplitude of the pump oscillation (V) 
and the frequency (jf c/s). The amplitude means the maximum deviation from the mean 
position, i.e. the pump puts out + V ml. on forward stroke and withdraws to — V ml. Under 
these circumstances 

\Q| = 2nfx V, (1) 


where |Q| is the amplitude or modulus of the volume flux. As the measured stroke volume 
ves is from maximum forward to maximum back, i.e. 2V, for calculation 


= 7.f.V,- (2) 


The pressure records made on the resolver are the integrated values of the half wave- 
rectified cosine and sine components. The values actually recorded on meters, A’ and B’, 
are related to the true amplitudes by the following equations (Taylor, 19576): 


A’ = 2/n(A, + (3) 

B’ = 2/n(B, + 4B, + B;...), 
where A,, A, and A, are the Fourier cosine components of the first, third and fifth harmonics 
and B,, etc., the corresponding sine terms. As we are dealing with a single harmonic oscil- 
lation the terms for the third and higher odd-numbered harmonics are negligible. Therefore 
to get the correct value of the Fourier terms A, and B, the meter readings A’ and B’ have 
to be multiplied by $7. They are also, of course, multiplied by a manometer calibration term 
to convert to actual pressure units. 

Given the cosine and sine terms of the pressure this may be handled as a complex number 
but it is easier to convert into modulus and phase form (McDonald, 1960, App. 1). The 
amplitude, or modulus M is given by Pythagoras’s theorem | 

= (A*+ B*)t, (5) 
and the phase ¢ by | ¢ = tan“! B/A. : (6) 
The pressure, P, then is Mcos( wt — ¢). It is necessary to determine the correct quadrant _ 
for ¢ by the signs of the cosine and sine terms, e.g. if both A and B are positive ¢ lies between 
0° and 90° (0 and 4 radians); if A is negative and B positive it lies between 90° and 180° 
and the angle is 180°—4¢. As the phase of the flow is fixed at 0° by the resolver setting, the 
phase of the pressure is also the phase of the input impedance. 

As the modulus of the flow is simply determined by eqn. 2 the modulus of the impedance 
|Z| is |P|/|Q|, or from eqns. 5 and 2 

|Z| = M/(z.f.V,). (7) 

To measure the wave velocity we have a known distance between measuring points, Az. 
The modulus and phase are recorded at each point as described above. Then the difference 
in phase between the two points, A¢, represents the time (expressed as a fraction of a cycle) 
for the wave to travel between the two points. The apparent phase velocity c’ averaged 
over this interval then will be 
Ax (8) 

Ad 
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when A¢ is measured in radians. If it is measured in degrees then 360 should be substituted 
for 27. 

The interpretation of these results is made on precisely the same basis as that of oscillatory 
flow in the systemic arterial system (McDonald, 1960, Ch. 10). In a system of branching 
tubes the occurrence of wave reflexion is inevitable. In such a situation the input impedance 
will not only be determined by the calibre of the vessels and their elastic properties but also 
on the length of the system from the origin to the main reflecting sites. The unit of length 
that we are concerned with is the wave-length, i.e. the wave velocity divided by the fre- 
quency in c/s. The type of reflexion that we meet in a system subdividing into smaller 
branches, is that known as ‘closed-end’, or ‘in-phase’. This is the type of reflexion that 
occurs when the impedance increases across a junction (when completely closed, of course, 
the terminal impedance becomes infinite). As it is known that fluid resistance increases with — 
subdivision of the vessels, so also does fluid impedance increase, although this effect is small 
in the large vessels and only becomes marked in small arteries and arterioles. 

Thus, close to a ‘closed’ end the incident and reflected pressure waves are nearly in phase 
and sum together. Flow, on the other hand, is small so that the impedance is high. At a 
quarter-wave-length distance the incident and reflected waves are 180° out of phase and 
tend to cancel each other out, so that pressure oscillation is at a minimum while flow is at a 
maximum. The input impedance is, therefore, at a minimum. Maxima and minima there- 
after succeed each other at quarter-wave-length intervals. With a system of fixed anatomical 
length the wave-length is: dependent on the frequency of the oscillation, so that the first 
minimum to be found can be used, if the wave velocity is known, to define the distance at 
which the main reflexions are occurring. Because the waves are damped in travel the nearer 
we get to the origin the larger are the incident waves and the smaller the reflected waves, 
so that successive cancellation and summation of the waves produce smaller fluctuations. 

A demonstration of these effects was made on a simple model consisting of two rubber 
tubes. The proximal tube connected to the pump was 120 cm long and had a bore of 0-6 cm; 
its wave velocity was ca. 1440 cm/sec. Into its end was fitted a thicker-walled tube of 
0-35 em bore which had a wave velocity of 2230 cm/sec. The distal tube was completely 
closed at its far end but was 7-5 m long to minimize the effect of reflexions from that end. 
The modulus of the input impedance measured in it is illustrated in Fig. 6. It can be seen 
from the values given that the proximal tube was one wave-length long at ca. 12 c/s and at 
3 c/s there is a minimum in the amplitude of the impedance representing the quarter wave- 
length condition. There follows a maximum at 6 c/s (half wave-length) and another minimum 
at 9c/s (three-quarter wave-length). This is very similar to the behaviour of the input 
impedance in the pulmonary bed, except that there is a much bigger variation between the 
maximum and the minima in the model because it has a much higher reflexion coefficient 
(see p. 439). 

Similar considerations affect the phase shift of the wave and hence the apparent phase 
velocity. This is too complex to consider here, but we may briefly distinguish the true phase 
velocity, ¢o, in a very long elastic tube which is solely determined by the elastic properties 


of the wall and assumes that the fluid has no viscosity. When filled with a viscous fluid we 


have the complex wave velocity, c, but except for very small vessels this may be taken as 
close to ¢o. Finally, in the presence of reflexions we have the apparent phase velocity, c’, 
which is in excess of c and ¢, in regions where the impedance is high and is below the true 
value where the impedance is low. This is only true for the ‘spot’ velocity. If the velocity 


_ is measured over a long interval the variations in apparent phase velocity are averaged out 


and a value approximating to the true velocity is found. For this reason the values of velocity 
for frequencies representing approximately a half wave-length and longer are chosen as 
representative of the true velocity, c,. This averaging of phase velocities over the whole 
system was verified (but not illustrated) in the model described above. The phase velocity 
of these higher frequencies also approximates most closely to the ‘foot-to-foot’ velocity of 
& compound wave, such as that of the natural pulse wave (McDonald & Taylor, 1959). 
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RESULTS 


The input impedance was measured in 52 experimental runs on 24 
animals. In addition, in 15 runs on 10 of these animals a second pressure 
record was made in a peripheral artery from which the wave velocity could 
be measured. Although, chronologically, these wave-velocity measure- 
ments were among the later experiments it is _— and more logical to 
consider these results first. 


Pulse-wave velocity (cm/sec) 


—_ 


0 L 
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Frequency (c/s) 


Fig. 2. The variation in apparent phase velocity in the pulmonary arterial tree with 
frequency in a single experiment. In this experiment the distal catheter was in the 
right lower lobe and its tip was 3-7 cm from the pulmonary valves. 


Wave velocity in the pulmonary arterial bed 


The apparent phase velocity derived from a single experiment is shown 
in Fig. 2. It will be seen that it has a value of 500 cm/sec at 1 c/s, but this 
value falls steeply with increasing frequency until it reaches a value of 
85 cm/sec at 4 c/s and thereafter remains relatively stable. There is a slight 
rise above 10 c/s and the velocity at 12-5 c/s is 105 cm/sec. In this experi- 
ment the catheter was in the right lower lobe and the interval between it 
and the pulmonary valves was 3-7 cm. 

As explained under ‘Interpretation of results’ in Methods (p. 432), the 
high apparent phase velocities at low frequencies are due to the presence 
of reflexions occurring at less than one quarter wave-length distance and so 
give no measure of the true wave velocity. At higher frequencies, however, 


the interval is a considerable fraction of a wave-length and the effect of 
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reflexions is averaged out. The flat part of the curve is, therefore, taken as 
the characteristic wave velocity of the system over the interval measured. 

A summary of all results of the 15 experiments is shown in Fig. 3, which 
displays the average value together with the s.z. of the mean. Results are 
also averaged for mean values of the frequency, e.g. the values at 4 c/s are 
for all readings in the range 3-6-4:5 c/s. The intervals over which these were — 
measured ranged from 3-2 cm (when the catheter was in the middle lobe) 
to 7-0 cm (when in the tips of the upper or lower lobes). The mean value of 


Wave velocity (cm/sec): 
T 


2 4 6 8 10 Yee 14 
Frequency (c/s) 


Fig. 3. Graph summarizing all measurements of wave velocity in 15 experiments. 
The mean values are shown by the open circles and full line; vertical bars show 
s.E. of mean. Each point averages all values at a mean frequency over a range 
of 1 c/s, e.g. the point at 4 c/s includes all results between 3-6 and 4-5 c/s. The mean 
interval between measuring points was 4-3 cm (range 3-2—7-0 cm). The mean wave 
velocity between 6-0 and 11-1 c/s was 83-3 cm/sec + 5:7 8.5. 


the interval was 4-3 cm. In the whole series it will be seen that a relatively 
stable value is not reached until 6 c/s and at low frequencies the apparent 
velocity is much higher. The mean value for the frequency range 6-11-1 c/s 
is 83-3 cm/sec + 5-7 8.E. From 11-1 to 14¢/s the mean value is 93-3 cm/ 
sec + 11-1 

Velocities measured in arteries in the upper and lower lobes tended to 
be higher than those measured in arteries in the middle lobes, where the 
path length was shorter. In the latter, stable values were not reached until 
a rather higher frequency and this is attributed to the fact that a short 


ye 
Bi 
x 
200 
‘ 
q \ 
4 \ 
\ 
\ 
\ 
| 160 
‘ 
4 \ ‘ 
‘ 
\ 
\ 
‘ \ 
\ 
‘ \ 
~ 
> -* om 
Ss 
q 
; 


INPUT IMPEDANCE OF PULMONARY BED 435 


interval did not exceed a quarter wave-length until these higher frequencies 
were reached. This is the main reason for the large scatter at 3 and 4 c/s 
in Fig. 3 for the values of all experiments over widely differing intervals. 

The lower wave velocity observed in the artery to the middle lobe is 
probably due to the wave velocity being lowest in the main pulmonary 
artery and becoming progressively higher as the arteries subdivide (see 
below). As the wave velocity measured over the whole interval is a 
weighted mean of the velocities in each succegsive segment, the relatively 
shorter second- and third-order arteries to the middle lobe will not increase 
the mean velocity as much as the longer small arteries in the upper and 
lower lobes. 

Some support for this suggestion was given by measurements of the. 
phase velocity made after the catheter had been pulled out for successive | 
short intervals from the pulmonary valves. No great weight can be 
attached to these results because the accuracy of measuring small intervals 
in an easily extensible organ such as the lung is not great, and the technique 
was only used in one animal. The values obtained in this experiment were 
as follows: with interval 2 cm, i.e. within the pulmonary trunk, mean 
velocity 55-1 cm/sec; interval 3-2 cm, velocity 61-6 cm/sec; interval 4-2.cm, 
velocity 66-3 cm/sec; interval 5-5 cm, velocity 79-9 cm/sec. Velocities are 
mean values for the frequency range from 5 to 9 c/s. The volume flow was 
3°3 ml./sec and as the main pulmonary artery was ca. 0-6 cm in diameter 
the linear velocity of the steady flow was ca. 12 cm/sec in this artery. 
From the findings of Patel, Schilder & Mallos (1960) in the dog it would 
- appear that the cross-sectional area of the right and left pulmonary arteries 
together may be less than that of the trunk. Thus the correction for steady- 
flow velocity will be at least as high in these vessels. This suggests that the 
true value (see ‘Sources of error’ in Methods, p. 430) for wave velocity in 
the main pulmonary artery is about 45 cm/sec, or almost half that for the 
whole bed. As even over the full interval we were still only recording in 
arteries of 0-1-0-15 cm diameter, the flow-velocity correction may still be 
appreciable and all values recorded may be a little higher than the true 
wave velocity. 

In one experiment the effect on wave velocity of altering the mean 
pulmonary artery pressure was tested. At 10 mm Hg the mean value of 
eleven observations in the frequency range 6-10 c/s was 87-6 cm/sec; with 
the arterial pressure at 20 mm Hg the mean value of the velocity (five 
observations) was 85-7 cm/sec. This suggested that pulmonary wave 
velocity did not vary significantly with mean pressure over the limits of 
what we presumed was the normal range, 80 that all other observations 
were made at 10 mm Hg. 

The average wave velocity into all parts of the pulmonary arterial bed 
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may thus be taken as ca. 80 cm/sec. This enables us to predict the wave- 
lengths of oscillations that are imposed on it. Thus at 4 c/s the wave-length 
is 20 om and a quarter wave-length will be 5 cm; at 8 ¢/s these distances 
will be halved, and so on proportionately. These dimensions are important 
in interpreting the behaviour of the input impedance. 


16F 


Input impedance (dyn. sec/em') x 10? 


i 
0 4 : 8 
Frequency (c/s) 


Fig. 4. The values of the modulus of the input impedance in a representative 
experiment, showing the variation with frequency. Rabbit, 3-1 kg. 


The input impedance of the pulmonary bed 

The results of a single experiment are illustrated in Fig. 4. It can be seen 
that the highest value of the modulus of the impedance is at 1 c/s, when it is 
1-6 x 10° dyn.see/em®; with increasing frequency it falls to a minimum 
value, at 4 c/s, of 0-37 (the true minimum is probably slightly below 
4 c/s). Thereafter it rises to another peak value, at 9-5 c/s, of 0-89 and then 
decreases to 0-35 at 12-5 c/s. From other experiments it can be predicted 
that this is close to another minimum and that the values would rise with 
increasing frequency. If the value at 12-5 c/s was a minimum, it can be 
seen that the peak value at 9-5 occurred at rather more than twice the 
frequency of the first minimum and that the second minimum fell at a little 

over three times this frequency. This suggested that the minima were 
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falling at frequencies representing the quarter and three-quarter wave- 
length e:tuation and the maximum at a half wave-length for the system. 

A graph summarizing the mean results of 52 experimental runs is shown 
in Fig. 5, together with the s.z. of the means. As in Fig. 3, the values have 
been averaged for frequency, i.e. the value for 6 c/s includes all results 
between 5-6 and 6-5 c/s. Considering that there has been no weighting for 
differences in size of animals or variations in resistance the scatter up to 
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Fig. 5. Graph summarizing all measurements of pulmonary input impedance in 
52 experiments on 24 animals. As in Fig. 3 the results have been grouped according 
to frequency at 1 c/s intervals and the mean frequency taken for each group. 
Average values of the input impedance are given by the open eieales and solid line; 
vertical bars show the s.£. of mean. 


15 c/s is remarkably small. The larger scatter in the higher frequencies may 
be partly attributed to the fact that fewer experiments were done in this 
frequency range, and they include a number of results that later standards 
would have rejected because the oscillatory pressure exceeded the mean 
pressure (see ‘Sources of error’ in Methods, p. 430). 

From the whole set a similar pattern to that seen in Fig. 4 emerges. The 
impedance is high at low frequencies and falls to a minimum at 3 c/s. It 
rises again to a maximum at 8 c/s, falls to another minimum at 13:8 c/s, 
rises to another maximum at 15 c/s and thereafter decreases up to 21 c/s. 
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The precise values for the main points of possible interest are given in 
Table 1. 

If the value close to 3 c/s is a minimum in input impedance such as 
occurs at a quarter wave-length in a system with reflexions then we can 
derive an estimate of the average length of the system. Taking the average 
wave velocity of 83-3 cm/sec then a quarter wave-length at this frequency 
is 6-96 cm. This may be compared with the value of 6 cm that Engelberg & 
DuBois (1959) took as the average length of the arterial bed in the rabbit 
lung. If this were a simpl system (e.g. Fig. 7) there would be a maximum 


TaBLE 1. Some mean values of input impedance measured in 
52 experiments on perfused rabbit lungs 


Mean Impedance 
frequency (dyn.sec. 8.E. of 
(c/s) em~* x 10%) mean Comment 
1-14 1-88 0-18 — 
2-99 0-79 0-08 minimum 
6-05 1-27 0-16 ? subsidiary maximum 
8-19. 1-39 0-16 maximum 
11-11 1-01 0-12 ? subsidiary minimum 
12-39 - 1-20 -0-14 ? subsidiary maximum 
13-81 0-94 minimum 
14-87 | 1-54 0-44 maximum 


representing a half wave-length at 6 c/s. Reference to Fig. 5 and Table 1 
shows that there is a hint of such a peak here, but that it is overshadowed 
by the maximum occurring at 8-2c/s. The three-quarter wave-length 
frequency would then be 9 c/s, where a minimum should occur (the nearest 
suggestion of one is at 11-1 c/s) and the whole wave-length maximum at 
12 c/s (possibly suggested by the fluctuation at 12-4 c/s). 

The maximum in the middle range is at 8-2 c/s, and if this is a half- 
wave-length maximum then the minimum at 13-8 c/s would fit fairly well as _ 
its corresponding three-quarter-wave-length value. This would correspond 
to asystem length of 5-1 cm. This is also quite a reasonable figure of distance _ 
to the arterioles compared with the mean distance of 4-3 cm to arteries of 
1-0-1-5 mm diameter recorded in the experiments on wave velocity. It is 
possible that reflexions from the closer arteriolar beds become dominant 
. at the higher frequencies because, owing to the shorter length .of path, 
damping of the waves in travel is less marked. The fact that the wave 
velocity. tends to rise appreciably with frequencies over 10 c/s would also 
cause the wave-length to increase and so prevent the maxima and minima 
falling at exact multiples of the quarter-wave-length frequency. 

The main conclusion is that the fluctuations of input impedance are due 
to reflexions. Considering the great range of distances to the peripheral 
arterial bed from the pulmonary trunk that is present in the lung it is more 
surprising that a definite pattern can be detected rather than the fact that 
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maxima and minima do not occur with the exact regularity of a simple 
model. The type of oscillations seen in such a model is shown in Fig. 6. It 
consisted of a length of rubber tube terminating in another tube of smaller — 
bore and stiffer walls. The reflexion coefficient was estimated by means of 
Womersley’s (1957) formula and estimated at 0-65. This is much higher 
than our results suggest for the pulmonary bed (rough calculations indicate 
a figure of ca. 0-25) so that the fluctuations in the amplitude of the impe- 
dance in the model are far greater than in the pulmonary bed. The simi- 
larities between the two systems are, however, quite easy to recognize. 
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Fig. 6. The behaviour of the input impedance in a simple model with a single 
reflecting site. This shows marked similarities to the pattern seen in the pulmonary 
vascular bed (e.g. Fig. 4). 


We do not present detailed results of measurements of the phase of the 
complex fluid impedance because a considerable diversity of pattern. was 
seen in different experiments, and it does not appear that any useful 
information can be gained from its analysis. In a model with a single 
reflecting site there is a phase lead at low frequencies which falls to a value 
close to zero at the quarter-wave-length frequency, i.e. at the minimum of 
impedance amplitude. Following this the phase lags progressively to a 
point midway between the minimum and maximum, and returns to zero 
at the frequency of the next amplitude maximum. It then reverses once 
more and becomes a phase lead, reverses again at the three- -quarter-wave- 
length frequency, and so on. Minor oscillations of this sort were observed 
in many experiments but in others they were quite overshadowed by a 
progressive reduction of phase lead as the frequency increased. Inter- 
pretation of results is further vitiated by the fact that, as measurement of 
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the phase was not originally a matter of interest, insufficient care was taken 
to ensure that the signs of the Fourier components were accurately 
recorded. | 
Relation of impedance to vascular resistance 
In a previous communication Bergel et al. (1960) said that there appeared 
to be no obvious connexion between the impedance values and those for 
the pulmonary vascular resistance. This was based on a superficial com- 
parison of the scatter of these two measurements. The measured range of 
resistance was from 2-0 to 22-0 x 10° dyn.sec/cm®. As the mean pulmonary 
artery pressure was almost always 10 mm Hg this represented flow rates 
of ca. 5-0-5 ml./sec. Thus the lowest resistarice values in this range alone 
may be taken as roughly corresponding to normal values, i.e. a flow of 
300 ml./min (Dittmer & Grebe, 1959). All animals were used until there 
was marked pulmonary oedema when the flow became too small to measure, 
with any precision, on the meter in use. The resistance was then classed as 
‘very high’. In the first experiment in which Dextran was used the 
resistance immediately became immeasurably high, apparently due to 
embolization of small vessels with agglutinated erythrocytes, as tests on 
microscope slides showed marked clumping of red cells with the Dextran 
in use. More normal values of resistance were obtained in later experi- 
ments when the vascular bed was perfused with saline solution for several 
minutes before starting the Dextran infusion. 


TaBLE 2. Relationship between the amplitude of the input impedance and the 
vascular resistance of the pulmonary vascular bed at varying frequencies 


Correlation 
Frequency No. of ion line coefficient 
(c/s) expts. = a+ 0(R)) (r) 
1-0 0-483 +0-137R 0-97 
2-0 12 . 0430+0-060R 0-94 
| 3-0 12 0-541+0-018R . 0-59 
£0 12 0-652 +0-0001R 0-001 


The interesting value of impedance to compare with the vascular 
resistance would be the impedance of the ‘resistance’ vessels. In so far as 
we consider the bed as having a partially closed termination, the impe- 
dance of these vessels is a terminal impedance. The closest approximation 
we,can make to measuring this is by studying it at low frequencies when 
the length of the system, in terms of wave-length, is shortest. The corre- 
lation between the input impedance and the resistance in all experiments 
in which measurements were made at 2c/s or below, and in which the 
resistance was recordable, is given in Table 2. 

It can be seen that a satisfactory degree of fit for the regression lines is 
only found at 1 and 2 ¢/s. It will be seen, however, that the slopes show 
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that the rise in impedance is much less than the corresponding rise in 


resistance. This implies that the behaviour of some of the resistance 


vessels does not influence the terminal impedance significantly. 

At 1-0 c/s the length of the system was about 1/16 of a wave-length as 
the impedance minimum fell at 4 c/s (1/4 wave-length) in this selected 
series. The highest ratio of impedance to resistance at this frequency was 


| © 4513:2-13 or 53%. The average value for the 5 ——- where the 


resistance was reasonable—below 4 x 10° dyn.sec. cm—*—was 0-98: 3-23 or 
30%. The ratio at the highest resistance recorded was 3-7: 22-0 or 17 Wes 
This illustrates the observation that impedance does not vary directly 
with resistance. Even so, all these values are greater than the corres- 
ponding ratio in the femoral bed, which is about 10% (McDonald, 1960, 
Ch. 10). As the impedance increases very rapidly with reduction of | 
frequency below 3 c/s it may well be that a value of 53% at 1 c/s, for 
example, may represent a true terminal —" that is sy son close to 
the vascular resistance. 

It should be emphasized that most of the changes in resistance we 
recorded were due to the gradual onset of pulmonary oedema, so that no 
physiological inferences can be made from these results. The preparation 


_ we used was not suitable for the investigation of vasomotor activity. In 
_ one experiment we did infuse noradrenaline (a total of 0-5 mg in a total 


flow in the run of 50 ml.) which caused a rise in the input impedance at 
2-8 c/s from 0-6 to 0-97 x 10° dyn.sec/cm>. The resistance, unfortunately, 
was very high and could not be recorded. No effect on imput impedance 
could be detected with infusions of acetylcholine. 

The virtually complete lack of any relation between impedance and 
resistance at 3 and 4 c/s emphasizes that in a system with partial reflexions 
and viscous damping there is no simple relation between its input impe- 


dance and the behaviour of its termination. In a simple system an 


increase in the terminal impedance will cause a reduction in the impedance 
at the quarter-wave-length minimum so that one would expect a negative 
slope to a regression line. However, as Table 2 shows, no significant 
regression line can be drawn from the values we have recorded in the 
pulmonary bed. 


. Amplitude of pressure in peripheral pulmonary arteries 
In the course of measuring the wave velocity in the arterial bed records 
were naturally also made of the amplitude of the pressure. Averaged over 
the whole frequency range the amplitude of oscillation was slightly higher 
at the periphery than at the origin, but the difference was not statistically 
significant. Around the frequency of the impedance minimum, however, — 
“the amplitude at the origin falls and becomes appreciably less than that in 
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the periphery (Fig. 7). For this reason we should expect a certain amount 
of peaking of the fundamental component of the naturally formed pulse 


wave. The ‘peaking’ observed is not, however, as marked as in the 


systemic system. It may be noted that the peripheral pressure was 
measured with the ‘end’ of the catheter and would, therefore, tend to be 
higher than a lateral pressure record because of the additional kinetic 
energy. With the low flow velocities that we may expect in such small 
vessels it is unlikely that the kinetic correction would be measurable. 


Oscillatory pressure in pulmonary veins 

Pulsatile venous pressure was recorded in lobar veins through a nylon 
catheter passed retrogradely from the left atrium. Over the frequency 
range 3-5 c/s the mean of 7 experiments was 0-62 cm H,O0+0-128.n. In 
the same experiments the average amplitude at the cannula was 2-52 cm 
H,O + 0-32 s.x. Thus the venous oscillation was rather less than 25% of 
that at the pulmonary valves. However, in many of these experiments 
resistance was considerably above what might be regarded as normal. It 
was found that the venous oscillatory pressure varied inversely with the 
vascular resistance, so that the normal ratio of venous to arterial pressure 
must be considerably greater than this. : 

A more interesting estimate of the amount of the arterial oscillation that 
passed through the capillary bed was given by comparing the oscillation in 
the peripheral arteries with that in the veins. The results of 6 experiments 
are shown graphically in Fig. 7, where the pressure oscillations at the 
origin of the pulmonary artery, in a peripheral artery and in a lobar vein, 
are compared. The average values at these three sites at the frequency of 
the impedance minimum were 1-56, 2:05 and 0-42 om H,O respectively. In 
the case with the lowest resistance (2-2 x 10°) the values were 1-55, 2-0 and 
0-90 cm H,O, The pulsation in the vein was then 58% of that at the 
origin and 45%, of that in the peripheral arterial bed. 

_ In some early experiments the flow from the atrial cannula appeared to 

be pulsatile at low frequencies but we thought it probable that this was 
due to vibration from the pump. No pressure oscillation was detected with 
the catheter tip in the atrium. 

As was stated in Methods, no accurate measurements of wave velocity 
were possible from artery to vein as the length of the pathway was un- 
known. When we assumed a distance of double the interval between the 
origin and a peripheral artery the value obtained was about half that 
recorded in the arteries, ie. 30-40 cm/sec. While a reduction of wave 
velocity during passage through the very narrow resistance vessels is to be 
expected (McDonald, 1960, Ch. 9) this evidence merely hints that this 
viscous effect is operating. The presence of this factor is supported by the 
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fact that the velocity tended to be lowest at low frequencies and climbed 
to a steady value with increase of frequency. It thus contrasted with the 
behaviour of the arterial velocity, which was very high at low frequencies 
(Figs. 3 and 4). The artery—vein velocity pattern is similar to that in a tube 
where the viscous effects are marked and reflexion is negligible. The main 
practical value of calculating these approximate velocities to the venous 
bed was to ensure that the phase shifts observed were consistent with a 
definite transmission time and that the apparent venous pressure recorded 
could not have been due to vibrations of the manometer transmitted from 
the pump or the direct effect of pulsations in contiguous arteries. 


Peripheral Pulmonary 
pulmonary vein 
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Fig. 7. A comparison of the amplitude of the oscillatory pressure in various regions 
of the pulmonary vascular tree. The results are for 6 experiments in which this was 
measured at three sites. Results are shown for the frequency of the first impedancé 
minimum (3-4 c/s), i.e. when the oscillatory pressure at the origin was least in 
comparison with that in the peripheral arteries. At double this frequency when 
impedance is at a maximum the oscillatory pressure at the origin is rather greater 
than that in the periphery. Mean values are shown by circles with a vertical bar 
to show the s.z. of mean. The venous pressure oscillation in the case with the lowest 
resistance (2-2 x 10° dyn.sec/cm,) is shown by a cross—the corresponding arterial 
pressures fell on the mean values and are not shown. | 


DISCUSSION 
When studying the behaviour of pulsatile flow in a vascular bed it is 


insufficient to record the form of the pressure wave, although this is the 


easiest measurement to make. Even if the flow pattern is also measured, 


_ or derived indirectly, comparisons of the wave forms of pressure and flow 


nt 
se 4 
e 4 
AS q 
1c 
n 
y 
Origin of 
f 
4 
J 4 


444 C.G. CARO AND D. A. McDONALD 


can only be made descriptively (e.g. Baxter & Pearce, 1951, described 
waves as ‘rounded’, ‘round-triangular’ or ‘triangular’) unless some form 
of mathematical analysis is used to extract quantitative data. The method 
we use is that of describing a pulse by a Fourier series, i.e. a set of harmonic 
oscillatory components at frequencies which are integral multiples of the 
pulse frequency. At a single frequency the input fluid impedance is then 
the ratio of the oscillatory pressure at the origin to the oscillatory flow. This 
method has been used fruitfully in the systemic arterial bed (McDonald & 
Taylor, 1959; McDonald, 1960). A greater range of frequencies may be 
studied by the technique used in the present work where a sinusoidal flow 
from a pump is imposed on a steady flow through perfused lung. The input 
impedance of such a system is greatly influenced by the wave-length of the 
oscillation and this is determined by the frequency (which is known) and 
the wave velocity. It was therefore necessary to determine this velocity. 

Pulse-wave velocity. In contrast to the literature on the systemic arteries 
there appear to have been very few attempts to measure the wave velocity 
in pulmonary arteries. The value we obtained was 83-3 cm/sec + 5-7 8.E. 
At first sight this appears to be very low, being only about 1/5 of the value 
of ca. 400 cm/sec in the aorta. Intuitively, however, it does not seem un- 
reasonable in view of the much greater distensibility of the pulmonary 
compared with systemic arteries. 

The only figure this can be compared with, in the rabbit, is that of 
200 cm/sec derived by Engelberg & DuBois (1959). They assessed the 
velocity, ¢), by means of the modification of the classical Moens—Korteweg 
formula introduced into this country by Bramwell & Hill (1922), but 
proposed earlier by Otto Frank, which is: 


(9) 


The volume distensibility or elastance, 5P/5V, was measured for the 
whole arterial bed after the capillaries had been blocked by emboli (it was 
quoted as its reciprocal, the compliance). The total volume, V, however, 
had to be derived by the assumption of a simple geometrical relation for 
the change of volume at each subdivision of the arteries. Furthermore, the 
equation used is for a single thin-walled elastic cylindrical tube, filled with 
a non-viscous liquid. It is doubtful whether it can be regarded as more than 
an approximate solution for a rapidly subdividing system of tubes filled 
with a viscous liquid. The comparison of their derived value and our 


measured value implies that there are marked errors (making V/com- 


pliance some four to five times too large) in their figures. 
The reported estimates of wave velocity in the pulmonary bed in other 
species are also higher than those we recorded. Patel et al. (1960) measured 
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the ratio of the changes in radius and pressure (52/5P) in the pulmonary 


artery of the dog and the velocity derived from these we calculate as about 
250 cm/sec for their average data. The mean pressure was much higher 
(22 cm H,O) for their experiments which may account for some of this 
difference, and there is also a species difference. On the other hand, our 
results imply that the velocity for the whole bed would be considerably 
higher than that for the pulmonery trunk. A much earlier measurement 
by Johnson, Hamilton, Katz & Weinstein (1937) gave a value of 400 cm/sec. 
The implications of these values are discussed below in regard to speculation 
on the behaviour of the input impedance. : 

In man, Fleischner, Romano & Luisada (1948) estimated the main 
pulmonary arterial wave velocity as 200 cm/sec and the more peripheral 
arteries to have a velocity of 275 cm/sec. These measurements were made 
by kymographic techniques which measure delay in dilatation between 
the pulmonary knob and the right hilar shadow, and between the right 
hilar shadow and the visible base of the right lung. In view of the possible 
errors in measuring the precise dimensions of X-ray shadows these figures — 
must be regarded with caution. As recording in the pulmonary artery with 
a double-lumen catheter is standard practice in many clinics, the taking of 
suitable pressure records, a known distance apart, should make precise 
measurements of foot-to-foot wave velocity a relatively easy matter— 
although none appear to have been made as yet. 

_ Following Engelberg & DuBois (1959), Milnor, Jose & McGaff (1960) 
have endeavoured to measure the distensibility of the total pulmonary 
vascular bed in terms of compliance. Their estimation of true pulmonary 
vascular volume in man is very elegant but it is difficult to see how they 
can estimate compliance on a single measurement of volume against 
pressure. Distensibility must be defined as a ratio of the change of volume 
to the change of pressure. For the lung, which is a closed bag (albeit com- 
plicated geometrically) this is a useful measurement. For the vascular 
bed, which is also geometrically complex but in addition has a large leak 
at the far end, it would seem very difficult to separate distensibility from 


_ flow. In addition, the only values that Milnor eé al. (1960) can derive are 


for the whole pulmonary vascular bed, whereas by far the greatest part of 
the pulsatile flow is on the arterial side of the capillaries. It would appear 
to us that the elastic properties of the pulmonary arterial bed would be 
much more simply characterized by measurements of arterial wave 
velocity. The techniques of studying lung mechanics are not easily applied 
to those of a vascular bed where both through flow and change of volume 


are taking place. 
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Input impedance 

In the presentation of Results it has been seen that the amplitude of 
the input impedance is highest at very low frequencies and falls to a 
minimum value at 3-4 c/s. Thereafter it rises to a maximum value of 
about 8 c/s and subsequently falls and rises again with increasing fre- 
quency. This behaviour is typical of a fluid-filled elastic system in which 
reflexions are occurring and this is the interpretation we have put on them. 
It is indeed difficult to see any other way in which this behaviour could be 
explained. 

‘Reflexion of waves propagated in an elastic tube will occur at any point 
where the fluid impedance changes. It was shown by Womersley (1957) 
that at any subdivision into branches one cannot achieve exact matching 


of the complex impedances on either side of the junction. At branches of — 


the larger vessels, however, he predicted that the discrepancy would be 
small. Theoretically it is much greater at the subdivision of vessels of the 
magnitude of the smallest arteries, and experimental evidence in systemic 
vascular beds indicates that the main reflecting sites are in the region of 
the arteriolar beds (McDonald, 1960). The value for the average length of 
the arterial bed derived from our Results lies between 5 and 7 cm, which 
when compared with the anatomical size of the rabbit lung suggests that 
in this vascular bed the main site of reflexion is in the minute vessels. 
This estimate agrees very reasonably with that of 6 cm made by Engelberg 
& DuBois (1959). 

The only other estimate of the impedance of the pulmonary arterial 
system is also by these last authors. This was. derived by computing the 
behaviour of a simple analogous electrical circuit. It was an oscillatory 


circuit consisting of an inductance and capacitance, with a resistance ~ 


connected in parallel across the condenser. The inductance represented 
the mass of the blood and its value was based on an estimate assuming a 
certain geometrical arrangement of subdivision of the pulmonary arteries. 
The capacitance represented the compliance which had been measured. 
_ The resistance represented the total vascular resistance of the bed and was 
regarded as residing principally in the smallest vessels such as the capil- 
laries. Apart from the necessary approximations involved in deriving the 
dimensions of these components, especially the inductance, the authors 
regarded the omission of any transmission time effect as being a permissible, 
first-order approximation. At first sight this may seem reasonable for, 
taking their assumed wave velocity of 200 em /sec, a 6 cm system is only 


1/10 wave-length at the average pulse frequency they found (200 ¢/min). 


In fact ‘this is far from negligible, for at the frequency of the second 
harmonic the system is 1/5 wave-length which is close to the relative node 
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at 1/4 wave-length. For the fifth harmonic it is a half wave-length, which 


_ by no approximation can be regarded as very short. In fact they calcu- 


lated the behaviour of their analogue up to 104 c/min when the system is 
more than 5-5 wave-lengths. 

From our data the system is about 1/4 wave-length at 3 c/s (180 ¢/min) 
so that the approximation is even less valid. Nevertheless it is interesting 
to compare their graph with our own (Fig. 8). They found a minimum of 
impedance at 4-3 c/s (260 c/min), which is not far removed from many of 
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Fig. 8. A comparison between the values of the fluid input impedance in our 
experiments and those calculated from an electrical analogue by Engelberg & Du- 
Bois (1959), and described in the text. Curve 1 (©) shows the mean values of all 
our experiments and is taken from Fig. 5. Curve 2 ( x ) is a transcription of a part 
of their graph—it is only approximate, for this graph is small in scale and plotted 
with a logarithmic abscissa for frequency. 


our observed values (e.g. Fig. 4) although rather higher than our over-all 
average. There is, however, a big discrepancy in the value of the impedance 
at this minimum for they calculated it to be 8 dyn.sec/em® whereas we 
found the mean to be 800 dyn.sec/em®. At lower frequencies the values in 
both curves rise sharply but at lc/s it is only about 0-8 x 10° in their graph, 
whereas our mean is over 1-8 x 10°. With increasing frequencies above the 
minimum their graph rises steadily and is quite unlike the curve we find, © 
and up to 20 ¢/s is always below the values we obtained. It is not felt, 
therefore, that this rather involved method of deriving the impedance by 
the use of this analogue circuit is very useful. Even with a circuit in the 
29 PHYSIO. CLVII 
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form of a transmission line (Taylor, 1957a) it has been shown that it cannot 
fully mimic a fluid-filled system (Taylor, 1959). ; 

Clearly the use of perfusion and an oscillatory pump is of no value in a 
living animal. If the flow and pressure in the pulmonary artery can be 
measured the input impedance at the frequencies represented by the 
harmonic components of these pulses may be determined. As an example 
we have taken some curves recorded in the cat by Baxter & Pearce (1951). 
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Fig. 9. The input impedance in the cat pulmonary artery derived from simul- 
taneous records of pressure and flow by Baxter & Pearce (1951, Fig. 10). The pulse 
frequency was 2-2 c/s and the values for the first five harmonic components have 
been calculated by the use of Fourier analysis. These values are shown by crosses. 
The dotted line shows an impedance variation with frequency similar to that found | 
in the rabbit and it can be seen that these points might well fall on such a curve. 
The phases of the harmonic components add support to this view. 


These were enlarged and subjected to Fourier analysis. The modulus of 
the impedance for the first five harmonics in one pair of curves is shown in 
Fig. 9. As the fundamental frequency was 2-2 c/s the available points are 
insufficient to delineate the curve with the precision that we could using 
the pump (Fig. 4), but the line drawn through them based on the rabbit 
data shows they might well be points on such a curve. That is, the first two 
harmonics (2-2 and 4-4 c/s) probably fall on either side of a minimum at 
ca. 3 c/s followed by a maximum at 6 c/s and another minimum at 9 c/s 
with a subsequent rise at 11 c/s. As the size of the lung in the cat is much 

the same as that of the rabbit, if this is a valid comparison it would imply 
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that the pulmonary wave velocity is about the same value in both species. 
It is unfortunately not possible to compare the value of the impedance 
from Baxter & Pearce’s curves with our own, as theirs were not calibrated. 

This technique of measuring the input impedance could be employed in 
man, using the indirect method that Bergel, McDonald & Taylor (1958) 
used in the dog femoral artery. With the use of a double-lumen catheter 
with ‘two lateral apertures sufficiently close together, so that they both 
lay in the main pulmonary artery, the velocity of the pulsatile flow could 
be derived from the pressure gradient while the pressure in the pulmonary 
artery could be recorded through one of the channels. Thus with the 
addition of very little complexity to routine recordings made in cardiac 
catheterization in many laboratories considerably greater quantitative 
information could be gained. For whereas the shape of the pressure and 
flow pulses is determined by both the form of the systolic ejection by the 
heart and the properties of the vascular bed, the input impedance is deter- 
mined by the latter alone. How much of the pulmonary bed is involved 
remains to be discussed. 


_ The extent of the pulmonary ‘arterial’ bed . 

Properly speaking the input impedance involves all the system up to 
the point where oscillatory flow is damped out. As we recorded pressure 
oscillations in the pulmonary veins this is more extensive than the arterial 
bed, but this last plays such a dominant part that for the sake of brevity 
that region determining the. input impedance may be called ‘arterial’. 

As this system terminates in the capillary bed one might expect the 
terminal impedance to change with the resistance of the bed. As is seen 
from Results (p. 441), there is a rise in the input impedance at 1 ¢/s (which 
is the nearest we were able to get to measuring the terminal impedance) and 
the resistance. Also, the impedance at this frequency was much closer to 
the resistance in the pulmonary bed than corresponding values in the 
femoral bed. In the latter case this was interpreted by McDonald (1960) as 
indicating that only the proximal arterioles were included in the region 
which determined the impedance. Nevertheless, the ‘terminal’ impedance 
could be increased two to three times by intra-arterial noradrenaline. In 
the lungs we have studied the changes in ‘terminal’ impedance were much 
less than this with equally large changes in the resistance. These changes 
in resistance, however, were not due to arteriolar constriction but to pul- 
monary oedema, which presumably exerts a far greater effect on the capil- 
laries and venules than it does on the arterioles. The fact that the impedance | 
does vary quite appreciably with the resistance indicates that the effective 
end of the arterial system is probably at the distal end of the arterioles or 
in the capillary bed. 
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Any reflexions of the oscillations that pass through the capillary bed 
must be very small because they will be heavily attenuated by that bed. 
One might expect that such as do occur would tend to be out of phase with 
the arterial reflexions, for a wave travelling towards the left atrium from 
the capillaries is moving towards an ‘open’ end in contrast to the partially 
closed end of the arterial system. 

The length of the arterial system that we are interested in when con- 
cerned with oscillatory flow is in terms of wave-length. The main variables 
determining this are the frequency and the wave velocity. The actual 
anatomical length is by comparison relatively fixed; this will vary some- 
what with respiration and with changing vasomotor activity the effective 
termination may shift slightly. These variations are very small compared 
with the range of frequencies represented in the cardiac pulse and probably 
small compared with changes that may occur in wave velocity, e.g. with 
alterations of mean pulmonary artery pressure or pathological changes 
affecting the stiffness of the arterial wall. 

Changes in the length of the system, in this sense, will alter the fre- 
quency at which the input impedance is at a minimum. This means that 
the pressure necessary to create a given flow is least at this frequency. As 
the oscillatory load on the ventricle is then at its smallest it is interesting 
to note that the frequency for this minimum approximates to that of the 
normal pulse frequency. Thus the fundamental component of the pulse 
wave will normally be working against a low impedance and as this is 
always the largest component it may well be that this fact plays a part in 
‘determining the resting pulse rate. The situation is, however, more complex 
than this implies because the cardiac pulse is a compound wave containing 
a range of frequencies. Therefore an impedance minimum would be to some 

extent balanced out by the fact that the second harmonic would be working 
at an impedance maximum and this is also a component of considerable 
magnitude (in the example of Fig. 9 its amplitude was 70% of the funda- 
mental). The values shown in Fig. 5 do indicate, however, that a marked 
fall in pulse frequency, say to 1 c/s, would cause a great increase in the load 
on the right ventricle. Any marked increase in stiffness of the pulmonary 
artery by shifting the minimum to a higher frequency would have a similar 
effect. Observations on larger species would be of interest in this respect, 
for a greater anatomical length may be offset by a faster wave velocity 
(as values quoted for the dog suggest), but in fact the resting pulse fre- 
quency is also less. Without more data it is difficult to assess the relative 
importance of these two factors. 3 

It is possible that the main significance of the frequency-dependence 
of the input impedance of the pulmonary circulation is to be sought in the 
. balance between right and left ventricles. One exploratory experiment on 
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the input impedance of the rabbit aorta suggests that the quarter-wave- 
length minimum is also about 3 c/s, a result which parallels observations 
in the dog (McDonald, 1960). This dynamic similarity between the systemic 
and pulmonary circulations is due to the fact that although the anatomical 
length of the latter is much shorter the wave velocity is correspondingly 
lower. Thus the impedances against which the right and left ventricles are 
working are matched and the optimal frequency will be the same for both. 


Venous pulsation 


The finding of pulsation in the pulmonary veins was to be expected after 
the observation of Lee & DuBois (1955), using the ‘body plethysmograph_’ 
technique, that flow in the pulmonary capillaries was pulsatile. It would 
be interesting to be able to estimate the damping in the capillary bed, but 
this would be far from precise from our results as the venous pressure was 
measured at some distance from the capillary bed. As noted above, flow 
from the capillaries on the venous side is travelling towards an ‘open’ end 
which will, in general, cause a reduction in the amplitude of the pressure 
wave. However, without knowing more about the physical characteristics 
of the venous bed it is impossible to predict how these changes will vary 
with frequency. The largest oscillation recorded in a lobar vein was some 
45°% of that recorded in a small artery in the same lung. It would be 
interesting to compare these findings with pressure records made with a 
‘wedged’ arterial catheter and from the left atrium. Since the transmitted 
oscillation diminished as the vascular resistance increased it seems that 
damping in the small vessels is the major factor in —- the size of 
venous pulsation. 


SUMMARY 


1. In perfused rabbit lungs an oscillatory flow has been imposed by a 
pump with a sinusoidal output. The pressure oscillations were measured at 
the origin of the pulmonary artery. The ratio of oscillatory pressure and 
flow was recorded as the input impedance. 

2. In some experiments the oscillatory pressure was also recorded in a 
small artery in one of the lobes of the lung. From the phase shift between 
the two points the wave velocity was calculated. In 15 experiments the 
mean value was 83-3 + 5:7 cm/sec at 6-11 c/s. At lower frequencies it rose 
markedly ; this is attributed to the presence of reflected waves altering the 
apparent wave velocity. 


3. The input impedance was also high at low frequencies and fell to a — 
minimum at 3-4 c/s, where its mean value in all experiments was ca. 
800 dyn.sec/cm5. Thereafter followed a maximum at ca. 8 c/s and another 
minimum at 12-14 o/s. 
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_ 4, This pattern is interpreted as due to reflexions arising from the 
termination of the arterial bed which would cause a minimum when the 
system is either one quarter or three quarters of a wave-length. The mean 
length of the arterial system at the wave velocity recorded lies between 5 
and 7 com, which fits reasonably with the anatomical dimensions. 

5. The vascular resistance varied considerably in various experiments 
and the input impedance at 1 c/s varied with it but to a much smaller 
degree. The implications of this in regard to the main site of reflexions is 
discussed. 

6. Oscillatory pressure in the veins was measured in 7 experiments. The 
transmission through the capillary bed varied inversely with the vascular 
resistance. In the lung with the lowest resistance (2-2 x 10® dyn.sec/cm*) 
the pulsation in the lobar veins was 45 % of that in a small artery and 58 %, 
of that at the pulmonary valves. These values are for the frequency of the 
first impedance minimum. | 

7. It is pointed out that for oscillatory flow the behaviour of the input 
impedance, which represents a considerable part of the load on the ven- — 
tricle, is determined by the wave-length of the system, i.e. its wave velocity 
and the oscillatory frequency. As the pulmonary arterial system has a much 
lower wave velocity than the systemic arteries, their effective lengths are 
comparable in spite of the great disparity of their anatomical lengths. The 
significance of this in matching the optimal working conditions of the right 
and left ventricles and the part it may play in determining the normal 
pulse frequency is discussed briefly. | 

We are grateful to Professor W. Melville Arnott for giving C. G. C. leave of absence to 
carry out this work and to Professor M. de Burgh Daly for providing facilities. Dr D. H. 
Bergel gave invaluable help in setting up the apparatus and in performing many of the 
experiments. The pump and the harmonic resolver were built by Dr M. G. Taylor and for 
the gift of these and aid in the planning of this type of experiment we are deeply indebted 


to him. Some of the apparatus was purchased originally with a Grant-in-Aid from the Royal 
Society to M. G. T. and some purchased by the Medical Research Council for D. A. McD. 
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_ Crawford & Kennedy (1959) found the prolonged saluretic and diuretic 
effects which characterize the action of chlorothiazide in man (Laragh, 
1958; Bayliss, Marrack, Perkis, Rees '& Silva, 1958; and others) and in dogs 
(Beyer, 1958) were absent both in clinical and experimental diabetes 
insipidus. The first dose of chlorothiazide caused loss of salt without 
change in urine volume in these diabetics, so that the osmolarity of the 
urine rose. Thereafter the saluresis abated but the urine remained con- 
centrated so long as the drug was given, and the daily volume of urine 
remained about halved. Kennedy & Crawford (1959) attributed this 
adaptation to the initial saluretic effects of chlorothiazide to change in the 
effects of the drug on tubular function. Then de los Reyes, Gé6mez & 
Bradford (1960) found that chlorothiazide decreased the filtration rate in 
diabetic patients; this they considered sufficient to explain the decrease in 
urine volume. They were confirmed in their observation by David, Lazlo 
& Kovacs (1960), who also showed that the antidiuretic action of chloro- 


_ thiazide in patients with diabetes insipidus was absent in patients suffering _ 


from psychic polydypsia, although both groups of patients lack “sails 
anti-diuretic hormone (ADH). 

Davey & Lockett (1960) found differences in the actions of iakatone 
monacetate on the isolated cat kidney related to the presence or absence 
of a circulation through the head during the collection of blood for the 
perfusion circuit and the making of the heart-lung-kidney preparation. 
They attributed this difference to the absence of an oxytocin-like substance 
from blood collected in the absence of a head circulation. We were there- 
fore interested to compare the actions of chlorothiazide on isolated kidneys 
perfused with these two types of blood, and to discover whether oxytocin 
modified the effects of chlorothiazide in these preparations. 


METHODS 
Male, female or neuter cats were used. Anaesthesia was induced with ether and was 
maintained by the intravenous injection of 1-0 % chloralose in 0-9 % NaCl, 8-0 ml./kg. The 
larger cats were used as blood donors. Heparinized blood (heparin 1500 u./100 ml. blood) © 
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- was withdrawn by femoral arterial cannula, either without further interference with the 


circulation (intact donors) or after ligature of the brachiocephalic and left subclavian arteries 
and section of the vagi (headless donors). The blood was usually stored overnight at 7° C and 


next day until the heart-lung-kidney preparation was being made. Then 60-120 mg NaHCO, 


in 2-5 ml. 0-9 % NaCl was added. To each 100 ml. blood was added 3-0 ml. of a mixture of 
5% creatinine and 2-5 % p-aminohippuric acid (PAH) in 0-9% NaCl, and an infusion of 


PAH was made into the venous reservoir to maintain a constant concentration of PAH in 


the blood. 

Heart-lung-kidney preparations were made in cats weighing 1-1—1-8 kg as described by 
Davey & Lockett (1960), without exclusion of the head from the circulation until approxi- 
mately 4-5 min before the perfusion of the kidney began. The temperature of the blood and 
the kidney chamber varied from 36-0 to 37-0° C and the arterial pressure from 114 to 148 mm 
Hg on different occasions, but these remained constant throughout each experiment. 

The methods used for the measurement of renal blood flow (R.B.¥F.), the collection of urine 
and blood samples, the estimation of sodium, potassium and creatinine in blood and urine, 
have been reported (Davey & Lockett, 1960). The carbon dioxide combining power of plasma 
was estimated by the method of Hawk, Oser & Summerson (1947), and p-aminohippuric 
acid in plasma and urine by the method of Bratton & Marshall as modified by Smith, 


_ Finkelstein, Aliminosa, Crawford & Graber (1945). 


Chlorothiazide (Merck, Sharp and Dohme Ltd), Pitocin and Pitressin (Parke Davis and 
Co. Ltd), creatinine, and inulin (British Drug Houses Ltd), p-aminohippuric acid (L. Light 
and Co. Ltd) and mannitol (Hopkin and Williams Ltd) were obtained directly from the 
manufacturers, 


RESULTS 
The effect of chiorothiazide on cat kidneys perfused with blood drawn 
_ from animals in which the head had not been excluded from the 
circulation (intact dono: s) 

The influence of chlorothiazide on the excretion of sodium and potassium — 
ions and water was examined at spontaneous rates of urine flow in four 
heart-lung-kidney preparations perfused with blood collected from intact 
donors. Figure 1 shows results from one experiment typical of this series. 
When the urine and blood flows had remained nearly constant for half an 
hour, 10 mg chlorothiazide was injected into the venous reservoir to mix 
with 145 ml. of circulating blood. Within 10 min the rates of urine flow 
and of excretion of Na and K had begun to increase and the Tm of p-amino 
hippuric acid (PAH) to decrease. The maximum effects of chlorothiazide 
on urine flow, excretion of these ions and Tm PAH were reached in 20-30 
min, were well maintained, and were unaccompanied by changes in R.B.F. 
or creatinine clearance. The CO, combining power of the plasma fell 
steadily throughout all experiments, sometimes reaching values as low as 
29 ml./100 ml. Neither. this, nor the addition of 40 m-u. vasopressin/ 
150 ml. circulating blood influenced the recorded actions of chlorothiazide. 
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The effect of chlorothiazide on cat kidneys perfused with blood drawn from 
animals in which the head had been excluded from the circulation 

(headless donors) 

Kidneys perfused with blood taken from headless donors excreted a 

greater proportion of the filtered load of Na than those perfused with blood 
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Fig. 1. The effect of chlorothiazide on the excretion of Nat, K* and water by a cat’s 
kidney, 7-4 g, perfused at 142 mm Hg with blood taken from an intact donor. — 
ates, from above downward: urinary concentration of Na, K; urinary 
excretion of Na, K; Na excreted (% filtered load); G.¥.R.; urine volume; R.B.¥.; 


T’, PAH. Abscissae, time. Chlorothiazide, 10 mg/145 ml. blood given at arrow. © 
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taken from intact animals (Table 1). The effect of chlorothiazide in blood 
from headless donors was also characteristic and is described by reference 
to a typical result in Fig. 2. A small increase in urine flow, accompanied 
by an increase in the rate of excretion of Na and K ions and decrease in 
Tm PAH, became evident in the 10 min immediately following the addition 
of 10 mg of the drug to the venous reservoir. The concentrations of Na and 
K ions in the urine remained unchanged (Fig. 2) or rose slightly to reach a 
maximum in the next 10 min period. Thereafter these concentrations 
remained unaltered, but the creatinine clearance and urine volume de- 
creased progressively and in parallel. The proportion of the filtered load of 
Na excreted was raised by chlorothiazide, then remained constant; it did 
not decline as the rates of filtration and excretion of Na and K decreased 


(Fig. 2). 


Taste 1. The effect of chlorothiazide (10 mg/140—150 ml.) on cat kidneys perfused with 
blood taken from intact animals is contrasted with the action of the drug in kidneys perfused 
with blood from headless donors 


- In blood from intact Pain In blood from headless donors 


At maximum At maximum 
Effect measured Before drug effect of drug Before drug — effect of drug 
Urine flow (ml./min) 0-063+0-014 (4) 0-116+0-038 (4) 0:20+0-05 (4) 0-15+0-07 (4) 
Na excretion rate 5-8 +2-56 (4) 159 +2-89(4) 34:1 +41(4) 37-2 +3-8 (4) 
(»-equiv/min) | | 
Na excreted (% 3-6 +1-95(4) 97 +3-41(4) 11-7 +3-09 (4) 21-9 +3-14 (4) 
filtered ' load) 
Creatinine clearance + 0-04 (4)  0-88+0-02 (4) 1- +0- -21 (4) 0-84+0-19: (4) 


Weight of kidneys (g) _ 7-95 + 0-63 (4) 9-84 + 1-56 (4) 


The values given are means+standard error of the mean, followed by the number of 
preparations within brackets. Each kidney was perfused with one type of donor blood only. 


Oxytocin, 20 m-u. /140-150 ml. blood, produced only short-lasting 


antagonism of reductions in filtration rate caused by chlorothiazide in 


these preparations, and did not alter the cel of the filtered load 
of sodium reabsorbed (Fig. » 


DISCUSSION 

The first point of interest arising out of these caaiiaaie is the very 
great similarity of the effect of chlorothiazide in man (Laragh 1958; 
Bayliss et al. 1958) and in intact animals (Beyer, 1958) on the excretion 
-of sodium, potassium and water, and the effect of this drug on isolated cat 
kidneys perfused with blood drawn from intact animals (Fig. 1). In these 
perfused preparations chlorothiazide decreased the reabsorption of 
sodium and water, enhanced the secretion of potassium (Kessler, Hierholzer, 
Gurd & Pitts, 1959) decreased T,, PAH and was without effect on total 
renal blood flow (Fig. 1). 
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Secondly, there was remarkable similarity between the action of chloro- 
thiazide on the excretion of salt and water in the patient with diabetes 
insipidus (Crawford & Kennedy, 1959; de los Reyes et al. 1960) and in the 
isolated cat kidney perfused with blood collected from headless donors 
(Figs. 2, 3). The only difference in the effect of chlorothiazide on the 
kidneys of normal man and of the patient with diabetes insipidus was the 
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Minutes 
Fig. 2. The effect of chlorothiazide on the excretion of Nat, K+ and water by acat’s 
kidney, 9-2 g, perfused at 148 mm Hg with blood taken from a headless donor 
under chloralose anaesthesia. Ordinates and abscissae as in Fig. 1. Chlorothiazide, — 
10 mg/140 ml. blood given at arrow. 
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reduction in filtration rate that accompanied the effect of the drug in the 
diabetic (de los Reyes e¢ al. 1960). Reduction in filtration rate was also a 
constant finding when kidneys perfused with blood from headless donors 
were treated with chlorothiazide (Figs. 2, 3); again it accounted for all the 
differences in the action of the drug on sodium, potassium and water 
excretion by isolated kidneys when perfused, on the one hand, with blood 
from intact donors (Fig. 1), and on the other, with blood from headless 
donors (Figs. 2, 3). The effect of chlorothiazide on fitration rate in the 
diabetic patient and isolated kidney perfused with blood from headless 
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Fig. 3. Transient antagonism by oxytocin of the reduction in G.F.R. and urine 
flow caused by chlorothiazide in a cat kidney, 12-2 g, perfused at 146 mm Hg with 
blood taken from headless donors under chloralose anaesthesia. Ordinates, from _ 
above downward: Urinary excretion of Na; Na excreted ( % filtered load); G.R.¥. ; 
urine volume; R.B.F. Abscissae, time. Chlorothiazide, 10mg and oxytocin 
20 m-u. added to 140 ml. perfusing blood at first and second arrows respectively. 


donors cannot be attributed to lack of ADH for two reasons. First, 
David et al. (1960) found that chlorothiazide failed to produce antidiuresis 
in psychic polydypsics, in whom the circulating concentration of ADH is 
very low; secondly, the cat kidney perfused under chloralose anaesthesia 
is remarkably insensitive to ADH (Davey & Lockett, 1960), yet the 
differences between the diabetic and non-diabetic response to chloro- 
thiazide were apparent in these preparations. Neither can the reduction 
of filtration rate characterizing the action of chlorothiazide in diabetes 
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insipidus be attributed to lack of oxytocin, because 20 m-u./150 ml. blood 
produced only transient antagonism of this reduction (Fig. 3). 


It is therefore concluded that the patient with diabetes insipidus and 


blood drawn from headless animals both lack some other substance or 
substances, stable during the night in blood at 7° C. and surviving 5 hr of 
perfusion through a heart-lung-kidney preparation without excretion or 
destruction, which conditions some part of the renal vascular bed to with- 
stand the vascular action of chlorothiazide. This same substance or sub- 
stances may be concerned with the maintenance of normal sodium re- 
absorption, since kidneys perfused with blood from headless donors leak 
sodium at more than the normal rate (Table 1). Neither lack of oxytocin or 
of vasopressin influenced this steady sodium leak from kidneys perfused 
with blood from headless donors (Table 1). : 


| SUMMARY 
1. Chlorothiazide 10 mg/140-150 ml. blood, increased the excretion of 


Na, K and water, decreased T,, PAH, and caused no change in total R.B.F. _ 


of isolated perfused cat kidneys. These changes were evident in 5 min and 
reached a sustained maximum in 20-30 min. 

2. The drug was without effect on glomerular filtration rate (G.F.R.) in 
preparations perfused with blood from intact animals, but caused pro- 
gressive decline in G.F.R. and the minute volume of urine in those per- 
fused with blood drawn after exclusion of the head from the circulation. 

3. Oxytocin caused only short-lived antagonism of this reduction in 
G.F.R. and no change in the proportion of the filtered Na load which was 
reabsorbed. 


This work was undertaken while one of us (T. de L.) was receiving @ grant for personal 


maintenance during training in research from Cipla Laboratories, Bombay. 
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BRONCHIAL CIRCULATION AND PULMONARY VASOMOTOR 
NERVE RESPONSES IN ISOLATED PERFUSED LUNGS 
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_ From the A.R.C. Institute of Animal Physiology, Babraham, Cam- 
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(Received 23 January 1961) 


It is well known that pulmonary vasomotor responses to nerve stimula- 
tions in isolated lungs of the dog perfused through the pulmonary circula- 
tion alone are ephemeral or absent (for literature see Daly, 1958). It was 
pointed out by Berry, Brailsford & Daly (1931) that failure to obtain clear 
evidence of pulmonary vasomotor nerve activity in such perfused prepara- 
tions might be due to an insufficient blood supply to the nerves, which 
Reisseisen (1822) had shown were supplied by the bronchial arterial 
‘system. For this reason they advocated additional perfusion of the 
bronchial vascular system. This method of perfusion was used by Daly & 
von Euler (1932), who obtained well marked pulmonary vasomotor 
responses to nerve stimulations over a period of several hours. Since that 
time it has been repeatedly observed that such responses are only obtained 
during bronchial circulation perfusion and are extinguished if this per- 
fusion is interrupted. These observations, however, provided little evidence 
of the underlying mechanism reponsible for the maintenance of pulmonary 
vasomotor nerve function by bronchial circulation perfusion. The in- 
vestigation here described on the lungs of the dog relates to (1) the survival 
of pulmonary vasomotor nerves during bronchial circulation ischaemia, 
(2) the bronchial circulation perfusion time required to recover pulmonary 
vasomotor nerve function after varying periods of ischaemia, (3) the 
duration of bronchial circulation ischaemia which extinguishes pulmonary 
vasomotor nerve responses, (4) the effect of reducing the partial pressure 
of oxygen (pO,) in the blood perfusate on the responses to pulmonary 
vasomotor nerve stimulation, and (5) the minimal bronchial arterial 
pressure required to maintain pulmonary vasomotor nerve responses. 


METHODS 


Mongrel dogs varying in weight from 14 to 29 kg were exsanguinated under local anaes- 
thesia through a cannula inserted into the femoral artery, after premedication with morphine 
_ hydrochloride (2 mg/kg subcutaneously). Atropine sulphate (1 mg) and heparin (Boots 


* Research Fellow, Norwegian Research Council for Science and the Humanities. 
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_ powdered heparin 3 mg/kg dissolved in distilled water) were injected intravenously some 


minutes before exsanguination. The blood was collected in a glass cylinder containing an 
amount of heparin approximately equal to twice that injected intravenously, the total 
dose of heparin used being 9 mg/kg body weight. Penicillin (Crystapen, crystalline sodium 
Penicillin G, Glaxo, 500 i.u./100 ml. blood) was added to the blood, which was then filtered 
through one layer of linen (mesh 50 by 250) resting on a stainless-steel mesh (250 » by 
250 »). The blood was stored at 36° C until used for perfusing the lungs. 

In some experiments the left lung was perfused through both the pulmonary and bronchial 
circulations by the method described by Daly (1956). In others, either the left apical and 
cardiac lobes or the left lower lobe were perfused by a similar method but with a reduced 
volume of the blood reservoir (250 ml.) (Daly & Waaler, 1960). 

All glass pieces were cleaned and brushed in tap water, soaked in chromosulphuric acid 
for 24 hr, rmsed ten times in running tap water and twice with distilled water. The rubber 
connexions were soaked in running tap water for several hours, boiled in 2% NaHCO,, 
rinsed in running tap water and finally in distilled water. | 

The pulmonary circulation was perfused at a constant-volume blood inflow or at a 
constant head of pressure at 14-22 mm Hg, and the bronchial circulation, including the 
vascular territory supplying the nerves to be stimulated, at a mean pressure of 80-140 mm Hg. 
The pulmonary arterial pressure was recorded with a Marey tambour and the left atrial 


blood outflow with a modified Gaddum blood-flow recorder. The left atrial pressure was 


recorded by a blood manometer, the top of which was connécted to a piston recorder, or 

taken as the difference in levels between the mouth of the left atrial cannula and the blood 

as it spilt over into the flow recorder. This latter measurement was found by experiment 

to be a few millimetres of blood lower than the true left atrial pressure at the blood flow used. 
The pulmonary vascular resistance (PVR) was calculated according to the formula 


Pulmonary arterial pressure (mm Hg)— Left atrial pressure (mm Hg) 


Left atrial flow (1./min) x 


where x equals the ratio of total lung weight to the weight of the perfused lobes, as given 
by Rahn & Ross (1957). When this formula is used, the PVR for normal resting dogs ranges 
from 1-7 to 7-5. 

Lung ventilation. The lung lobes were ventilated by starting a Starling ‘Ideal’ pump 
(C, F, Palmer Ltd.) at a peak pressure of 80-100 mm H,O with pure O,, 6% CO, in O, or 
6% CO, in air. Hypoxaemia was produced in seven tests by changing the ventilation from 
6 % CO, in O, to 6 % CO, in N,, and in one test by changing the ventilation from O, to N;. 
The tidal air was measured by the method of Konzett & Réssler (1940). 

Tests for pulmonary vasomotor activity. The upper thoracic sympathetic chain, the stellate 
ganglion, the ventral branch of the ansa subclavia or the left thoracic vagosympathetic 
nerve was stimulated by square-wave impulses derived from an Attree (1950) stimulator. 
The predominant response to stimulation of the sympathetic fibres in this nerve pathway 
is pulmonary vasoconstriction (Daly, Duke, Hebb & Weatherall, 1948). 

Atropine sulphate equivalent to about 0-05 mg/kg body weight was injected intravenously 
before exsanguination, or added to the blood reservoir during perfusion, in order to suppress 
any passive pulmonary circulatory effects due to “bronchooonstrictor ’ responses during 
stimulation of the left thoracic vagosympathetic nerve. 

Blood analysis. Blood samples were taken from the pulmonary artery inflow tubing 
during the course of each experiment. The temperature of the blood perfusate at the time 
of sampling, usually about 34-35°C, was registered. The samples were stored under 
paraffin oil at 4° C until the pH measurement and blood gas analysis could be carried out. 

The oxygen capacity, the degree of oxygen saturation and the carbon dioxide content 
of the blood were determined with a modified Haldane blood gas pen (Shaw, 1959) 
by the method of Courtice & Douglas (1947). 
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Blood pH was measured at room temperature with a Pye ‘Master’ pH meter (Cat. 
No. 11068, W. G. Pye and Co.). The apparatus was standardized before each determination 
by a buffer of pH 7-01 at 20° C. Duplicated estimations agreed within 0-02 pH units or less. 
The values of blood pH resulting from these measurements at room temperature were 
converted to pH values corresponding to the blood temperatures in the preparations at the 
time of sampling by using the temperature coefficient of Rosenthal (1948). Some pH measure- 


ments were carried out at 35° C with a ‘Vibron’ 33B electrometer (Electronic Instruments 


Ltd.) in conjunction with a ‘Vibron’ C 33B pH measuring unit. The accuracy of these 
measurements was at least as great as those done with the ‘Master’ pH-meter. 

Blood pO, values were calculated from the oxygen saturation values using the nomogram 
and the correction factors (for pH and temperature) given by Severinghaus (1958) on p. 73 
in Handbook of Respiration, assuming that the oxyhaemoglobin dissociation curve for dog 
follows that of man. Maximal errors in our calculated pO, values, arising from errors in the 
measurements needed (oxygen saturation, blood pH and blood temperature), could be 
calculated to be of the order of +1 mm Hg and +3 mm Hg in the pO, regions of 25 and 
50 mm Hg respectively. 

pCO, values were calculated from the values for CO, content, pH, oxygen capacity and 
percentage oxygen saturation, by the formula: 

CO, 
-pco, = 1) +1) 
(Severinghaus, Stupfel & Bradley, 1956a). The plasma CO, content (mm/l.) was calculated 
by multiplying the value for whole blood by the factor ‘f’ read from the nomogram of 
* Van Slyke & Sendroy (1928). The solubility factor, S, was read from the table of Severinghaus 
et al. (1956a), and the value for pK’ from the nomogram of ee Stupfel & Bradley 
(19565). 


RESULTS 


All the procedures necessary for the separation from the thorax of the 
reduced systemic circulation, together with the heart and lung lobes to be 
perfused, were carried out after exsanguination. The period of time which 
elapsed between exsanguination and the moment when pulmonary circula- 
tion perfusion, ventilation and bronchial circulation perfusion (in that 
order) were established, varied from 45 to 314 min (mean: 132 min) in 
52. experiments. 

Survival of pulmonary vasomotor nerves during bronchial circulation 
ischaemia. In most experiments perfusion of the pulmonary circulation 
and lung ventilation were started before perfusion of the bronchial 
circulation. Stimulation of the sympathetic nerve path or of the associated 
ganglia failed to produce a pulmonary vasopressor response before per- 
fusion of the bronchial circulation. Within 2-3 min of the start of bronchial 
circulation perfusion small but definite pulmonary vasopressor responses 
to nerve stimulation were obtained. For any given strength of stimulus 
these reached a maximum after 22-35 min of perfusion. A more accurate 
assessment of the duration of bronchial circulation perfusion required to 
establish maximal responses to nerve stimulations could not be obtained 
because the stimuli were applied at intervals of 10 min. This interval of 
time was selected because it had been found by experience that it ensured 
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consistent pulmonary vasomotor responses to successive stimuli over a 
period of some hours. The records of Fig. 1, whic are typical of a large 
number of experiments, show the absence of a pulmonary vasopressor 
nerve response before bronchial circulation perfusion (12.01 p.m.), a small 


_ response 2 min after the start of bronchial circulation perfusion (12.11 p.m.) 


and a maximal response 22 min after the start of perfusion (12.31 p.m.). 


153 


Vent. 
overflow (ml.) 


L.A. outflow 
(ml./min) 


P.A.p. 24- 
(cm saline) 225 
20- 


B.P. 


(mm Hg) 1402 


120= 
30 sec 


12.01 12.11 12.21 12.31 12.41 p.m. 
Time 


Fig. 1. Effect of stimulating sympathetic post-ganglionic nerve fibres (in left 
thoracic vagosympathetic nerve) on an atropinized perfused lung lobar prepara- 
tion before and during additional perfusion of bronchial circulation. Dog: f, 
17-0 kg, 0-75 m* body surface; perfusion of left apical and cardiac lobes at a 
constant head of pressure. Bronchial circulation perfusion started at 12.09 p.m. 
Stimulations during 15 sec periods, 10 V, square-wave impulses of 10 m-sec duration — 
and frequency 47/sec. 

Calculated total pulmonary vascular resistance (PVR) wih before stimulations 
and at peak of vasoconstrictor responses: 12.01 p.m., 6-3-6-3; 12.11 p.m., 5-6-6-4; 
12.21 p.m., 6-5-10-6; 12.31 p.m., 6-8—12-1; 12.41 p.m., 6-7-11-7. Vent. = ventila- 
tion. L.A. = left atrial. P.A.p. = pulmonary arterial pressure. B.P. = perfusion 
pressure of aorta and bronchial arteries. 


These pulmonary vasopressor responses once established were obtainable 
during short periods of interruption of bronchial circulation perfusion (see 
-Figs. 2 and 3), thus demonstrating that they were not caused by passive 
bronchial vascular effects on the pulmonary circulation. Since the vaso- 
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pressor responses occurred in the absence of changes in lung hindrance 
they were due to pulmonary vasoconstriction. 

The experiment in Fig. 1 was carried out at constant head of perfusion 
pressure, and similar results were obtained in other preparations perfused 
at constant blood volume inflow. 

In spite of the prolonged period of initial bronchial circulatory ischaemia, 
which in one experiment was deliberately extended to 314 min, well 
marked pulmonary vasoconstrictor responses to nerve stimulation were 
always obtained — 35 min of the start of bronchial circulation 
perfusion. 


Extinction of pulmonary vasomotor nerve responses by interruption of 
bronchial circulation perfusion 

Interruption of bronchial circulation perfusion caused a gradual decrease 
and, finally, extinction of the responses to sympathetic nerve stimulation 
within 9-38 min. On restarting bronchial circulation perfusion the 
responses recovered within from 7 to 40-50 min. The reduction in the 
response occurred within a few minutes of bronchial circulation interruption. 
This is shown in Fig. 2 in two experiments in which the responses were 


Vasoconstrictor response (% of initial) 
| 


40+ 
20+ 
0 
Time (min) 
Fig. 2. Effeet of interruption of bronchial-circulati i iin 


vasoconstrictor ‘responses to stimulation of post-ganglionic sympathetic nerve 
fibres (in left thoracic vagosympathetic nerve) in two isolated perfused left lung 
lobar preparations of the dog. Responses expressed as % of initial values. Each 
point represents the response to one stimulation. Bronchial circulation perfusion 
interrupted at zero time, restarted at the arrows; the broken lines hon indicating 
periods of no bronchial circulation perfusion. 


al 
e 
4 
\ 
‘ 
\ \ 
\ \ 
4 
, \ 
~ 


NERVE RESPONSES IN ISOLATED PERFUSED LUNGS 467 


due to stimulation of the post-ganglionic fibres in the left thoracic vago- 
sympathetic nerve. In one experiment (open circles) the stimuli were 
applied at 10-min intervals and extinction of the response occurred 24 min 
after interruption of bronchial circulation perfusion; full recovery of the 
response was obtained 38 min after restarting perfusion. In the other 
experiment shown stimuli were withheld until bronchial circulation 


Vasoconstrictor response (% of initial) 


- 
had 


a 


0 
Time (min) 
Fig. 3. Effect of interruption of bronchial circulation perfusion on pulmonary 
vasoconstrictor responses to stimulation of preganglionic sympathetic nerve fibres 
or of a sympathetic ganglion. Isolated perfused left lung preparations of the dog. 
© an experiment in which the left sympathetic chain was stimulated; @ an 
experiment in which the left stellate ganglion was stimulated. Responses expressed 
as % of the initial values. Each point represents the response to one stimulation. 
Bronchial circulation perfusion interrupted at zero time and at all arrows pointing 
upwards, perfusion restarted again at all arrows pointing downwards, the broken 
lines thus indicating periods of no bronchial circulation perfusion. 


ischaemia had been established for 23 min, after which the response 
obtained was 33 % of its initial value. Restarting perfusion of the bronchial 
circulation produced, after a preliminary fall, full recovery of the response 
within 40-50 min. Similar results were obtained in three additional 
experiments of the same type. : 


The extinction of the responses during bronchial circulation interruption 
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to stimulation of the upper thoracic sympathetic chain and of the stellate 
ganglion was tested in three experiments of which two are shown in Fig. 3. 
It will be seen that the responses were abolished in 9 and 18 min, respec- 
tively, rather earlier than the extinction of the responses to stimulation 
of the post-ganglionic fibres in the thoracic vagosympathetic nerve (Fig. 2). 
Another feature of these experiments was the appearance of a supernormal 
response to the first stimulus following bronchial circulation interruption 
(Fig. 3). Such an initial supernormal response was observed in two out of 
five bronchial circulation interruption tests in which the sympathetic 
chain was stimulated and in one out of four tests in which the thoracic 
vagosympathetic nerve was stimulated. 
Hypoxaemia and pulmonary vasomotor nerve responses. In the perfusion 
system used the two pumps perfusing the pulmonary and bronchial 


circulations—including the extrapulmonary nerves—drew their blood — 
from a single reservoir. After passage through the lungs the blood from — 


the left atrium flowed through the blood outflow recorder to be collected 
in the reservoir, and this part of the blood circuit: was open to the atmo- 
sphere. It was found that during N, ventilation the pO, of the blood from 
the left atrium was lower than that of the blood in the reservoir. This was 
because the blood picked up some oxygen during its passage through the 
- flow recorder and whilst it spilt over into the reservoir. For this reason 
the blood perfusing both circulations did not reach the low pO, values 
which might be expected if a closed blood-circuit system had been used. 


Thus, in eight tests in which the lung lobes were ventilated with N, for — 


periods of 23-76 min the pO, of the blood only reached 26-38 mm Hg 
(mean 32 mm Hg). It should be emphasized that under these conditions 
of perfusion N, ventilation reduced the pO, of the blood circulating through 
all the tissues of the lungs and also that supplying the extrapulmonary 
nerves. In seven out of the eight tests mentioned above N, ventilation 
reduced the pulmonary vasoconstrictor responses to stimulation of the 
sympathetic post-ganglionic fibres in the left thoracic vagosympathetic 
nerve. In the remaining experiment the responses were not altered. 
Figure 4 illustrates the results of two of these tests. In one, N, ventilation 
for 30 min produced a moderate reduction in the vasoconstrictor response 
to nerve stimulation and complete recovery followed ventilation with 
6% CO, in O,. In the other the reduction in the response was much 
greater and recovery was incomplete. 

There was no correlation between the reduction in pulmonary vascular 
responses to nerve stimulation during N, ventilation and the relatively 
small changes in pH and blood pCO, which accompanied the fall in blood 

pO,. 


The two tests in Fig. 4 are given as examples because N, ventilation | 
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itself produced no appreciable changes in PVR. In other experiments, 
however, this type of preparation responded to N, ventilation by a fall in 
PVR. Such a fall occurred in five out of the eight tests described above, 
and in these five experiments also the vasomotor responses to nerve 
stimulation were reduced, the percentage reduction falling between those 
shown in Fig. 4. It is realized that the pulmonary vascular depressor 
effect of hypoxia, which occurred in these experiments, is contrary to the 
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Fig. 4. Effect of temporary N, ventilation on pulmonary vasoconstrictor responses 
to sympathetic nerve fibre stimulation in two isolated perfused left lung lobar pre- 
parations of the dog. Post-ganglionic fibres of left thoracic vagosympathetic 
nerve stimulated. Responses expressed as % of the initial values. Each point 
represents the response to one stimulation. At zero time ventilation changed from. 
6 % CO, in O, to 6 % CO, in N,. Ventilation changed back to 6 % CO, in O, at arrows, 
the broken lines thus representing periods of N, ventilation. 


findings of the majority of other investigators. This is all the more sur- 
prising since a vasopressor response to N, ventilation was never observed 
in our experiments. Our perfusion technique differed from that of others 
who have investigated the effect of hypoxia on the circulation in isolated 
lung preparations, in that the initial period of pulmonary circulation 
ischaemia was relatively long and that additional perfusion of the bronchial 
circulation was carried out. To what extent these factors have determined 
the vasomotor response to N, ventilation is being explored, and will not 

be further discussed here since it is not obviously relevant to our present 
examination of the effect of N, ventilation on pulmonary vasomotor nerve 
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responses. These responses were reduced during N, ventilation irrespective 
of the direct effect of N, ventilation on the pulmonary circulation. 

In one experiment the addition of KCN to the perfusate in the reservoir, 
to give a blood concentration of 0-1 mg/ml., abolished the pulmonary 
vasomotor nerve responses within 25 min. 


Systemic arterial pressure and pulmonary vasomotor nerve responses 
Three experiments were performed to determine the minimal arterial 
pressure in the bronchial circulation and in the vessels supplying the extra- 
pulmonary nerves required to maintain normal pulmonary vasomotor 
nerve response. The post-ganglionic fibres in the left thoracic vago- 
sympathetic nerve were stimulated for this purpose. It was found during 
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Fig. 5. Effect of altering the perfusion pressure (B.P.) in the bronchial arteries 
(and aorta) on pulmonary vasoconstrictor responses to sympathetic nerve fibre 
stimulation (post-ganglionic fibres of left thoracic vagosympathetic nerve) in an 
isolated perfused left lung lobar preparation of the dog. The points in the upper 
tracing represent responses to stimulations at 10min intervals. Responses 
expressed as % of initial values. The lower lines indicate bronchial circulation 
perfusion pressure. 


two separate tests that a perfusion pressure of 40 mm Hg sufficed to 
maintain normal responses, but in each test reducing the pressure below 
this value led to a reduction in the pulmonary vasomotor nerve responses. 
One of these experiments is illustrated in Fig. 5. A third test on lowered 
bronchial circulation perfusion pressure showed reduced vasomotor nerve 
responses when the pressure was brought down to 70 mm Hg or less. 
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DISCUSSION 


The results confirm that in isolated perfused lungs of the dog perfusion 
of the bronchial circulation is essential for the maintenance of pulmonary 
- yasoconstrictor responses to sympathetic nerve stimulation. The observa- 
tions that an aortic (bronchial arterial) pressure as low as 30-40 mm Hg or 
intermittent interruption of bronchial circulation perfusion for 10 min 
alternating with 10-min periods of perfusion (Fig. 3) can suffice to maintain 
the responses to their full value indicates that only a relatively small blood 
flow in the bronchial circulation is necessary to maintain functional activity 
of the nerves. This is in agreement with the findings of Eccles (1935) and 
Bargeton (1938) in studies on the superior cervical ganglion. 

It seems reasonable to conclude from the experiments with lowered 
oxygen tension that one of the functions of the bronchial circulation is the 
maintenance of an oxygen supply to the pulmonary nerves and/or the 
neuromuscular apparatus. We have little evidence as to the possible role 
of other blood components supplied by, or removed by, the bronchial 
circulation. It was, however, observed that addition to the blood reservoir 
of ‘new’ blood (i.e. blood which has been stored in a thermostat at 36° C 
since the death of the animal) sometimes caused a full or a partial restora- 
tion of vasomotor responses to nerve stimulations in preparations in which 
such responses had started to decline. The oxygenation of the perfusate 
was adequate throughout these experiments, so that other blood com- 
ponents than oxygen must have been responsible for the effect. We have 
at present no indication as to the nature of this potentiating effect of 
‘new’ blood. : | 

In two experiments it was observed that a stimulus applied to the 
sympathetic chain or the stellate ganglion just after the bronchial circula- 
tion perfusion had been interrupted caused a larger pulmonary vaso- 
constrictor response than the control value (Fig. 3). The number of 
experiments is too small to assess the significance of this observation, 
which, nevertheless, recalls that Bronk & Larrabee (1937) observed an 
increase of the electrical response and a persistent facilitation in a ganglion 
during the initial period after it was deprived of its blood supply. 

It should be emphasized that the method of perfusion used differed in 
two respects from that generally practised in setting up isolated perfused 
lungs. First, there was a prolonged period of pulmonary circulation 
ischaemia before the start of its perfusion, and secondly all the tests were 
made during bronchial circulation perfusion, or after a short interruption 
of such perfusion. How far the initial period of ischaemia affected the 
pulmonary vascular responses to sympathetic nerve stimulation is un- 
certain, because under the conditions of the experiment the pulmonary 
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vascular response before the period of circulatory ischaemia could not be 
assessed. The experiments show, however, that some of the sympathetic 
vasoconstrictor fibres are strongly resistant to ischaemia of the bronchial 
vascular system, in that after prolonged periods of such ischaemia their 
functional activity can be gradually restored by starting up bronchial 
circulation perfusion. That the revived nerve fibres in most of the experi- 
ments probably represent a high proportion of all those present in the 
nerve trunk stimulated is suggested by the responses being no smaller than 
those obtained by Daly et al. (1948) in the perfused living animal prepara- 
tion, in which bronchial circulation ischaemia was absent and there was 
only a short period of pulmonary circulation ischaemia whilst the prepara- 
tion was being made. 

A puzzling feature of the present series of experiments has been the 
absence of sympathetic vasodilator responses to nerve stimulations. Such 
responses, although relatively rare, can be evoked in the perfused living 
animal (Daly et al. 1948; Daly & Daly, 1959). The explanation may be 
that these vasodilator fibres are less resistant to bronchial circulation 
ischaemia than the sympathetic pulmonary vasoconstrictor fibres. Since 
all the perfused preparations were atropinized it was not feasible to 
examine the effects of ischaemia or of ventilation hypoxia on the atropine- 
sensitive pulmonary vasodilator fibres described by Daly & Hebb (1952). 

The fact that the pulmonary vascular resistance was in the majority of 
experiments within normal limits for periods of perfusion of 4 hr, during 
which consistent pulmonary vasoconstrictor nerve responses were obtained, 
indicates a stability of the pulmonary vascular bed the greater part of 
which was being perfused. These consistent responses were obtained in 
experiments in which the lung hindrance gradually increased, thus sug- 
gesting that interstitial oedema was not an important factor in determining 
the responses. 

The relation between the rate of decay of pulmonary wanccapitdlotor 
responses and the duration of interruption of the bronchial circulation is 
of particular interest, since in testing for pulmonary vasomotor nerve 


activity it is essential to carry out some of the nerve stimulations during | 


temporary interruption of bronchial circulation. Persistence of the 
_pulmonary vasomotor responses during such interruptions excludes the 
possibility that they are due to passive effects on the pulmonary vascular 
bed caused by vasomotor changes in the bronchial vascular system. 
Temporary bronchial circulation interruptions usually lasted for 1-3 min 


_ only, and the observations reported indicate that during such periods the _- 
vasoconstrictor response to stimulation of post-ganglionic sympathetic 


fibres can be — to be reduced " 15% or less. 
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SUMMARY 


1. In atropinized perfused left lung lobe preparations of the dog, with 
additional perfusion of the bronchial circulation and of the vascular 
territories supplying the thoracic pulmonary nerves, stimulation of the 
nerve pathway carrying pulmonary sympathetic fibres (sympathetic chain, 
stellate or middle cervical ganglion and thoracic vagosympathetic. nerve) 
produced vasoconstrictor responses. 

2. The constrictor response was extinguished in 10-35 min by inter- 
ruption of bronchial circulation perfusion and recovered i in about the same 
period on restarting this perfusion. 

3. Ventilation with 6% CO, in N,, which reduced the pO, of the per- 
fusate to 26-38 mm Hg, diminished but did not extinguish the vaso- 
constrictor response to sympathetic nerve stimulation. This diminution — 
in response could not be correlated with the small changes in pCO, and 
pH which accompanied the changes in pQ,. 

4. Bronchial arterial pressures below 40mm Hg caused a diminution 
in the pulmonary vasoconstrictor response to sympathetic nerve stimula- 
tion in two out of three experiments. 

5. Some of the pulmonary vasoconstrictor nerve fibres survive periods 
_ of bronchial circulation ischaemia lasting 5 hr. 
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THE EFFECT OF BRADYKININ IN AN ISOLATED PERFUSED 
DOG LUNG PREPARATION 


| By B. A. WAALER* 
From the University Laboratory of Physiology, Oxford 


(Received 23 January 1961) 


The polypeptide bradykinin has attracted much attention since the 
first description of its actions and properties by Rocha e Silva, Beraldo & 
- Rosenfeld in 1949. Following the recent isolation of bradykinin (Elliott, 

Lewis & Horton, 1960a) and the determination of its structure (Elliott, 

Lewis & Horton, 1960b), it has been shown that the pure polypeptide 
possesses all the biological properties demonstrated for crude preparations 
(Elliott, Horton & Lewis, 1960). 7 

In the systemic circulation bradykinin causes pronounced vasodilatation 
and increased capillary permeability in several species. However, the 
effect of bradykinin on the pulmonary vascular bed has not been examined. 
The only reported effect of bradykinin in the lungs is that of Collier, 
Holgate, Schachter & Shorley (1959), who showed that bradykinin causes — 
bronchoconstriction when injected intravenously into guinea-pigs. 
Bronchoconstriction was: also observed in isolated perfused guinea-pig 
lungs, although here much larger doses of bradykinin were necessary. 

In the present experiments on an isolated perfused dog lung prepara- 
tion, bradykinin caused vasodilatation of the pulmonary vascular bed, 
which, however, seemed to be less sensitive than other vascular fields. 
The airways of the isolated perfused dog lung preparation were never 
' constricted and in some experiments were slightly dilated by bradykinin. 

A preliminary communication on the findings has already been published 
(Waaler, 1960). | 

| METHODS 

Mongrel dogs (17-25 kg) were premedicated with morphine (2 mg/kg) and injected 
intravenously with heparin (Boots powdered heparin, 3 mg/kg). In some of the experiments 
atropine sulphate (1 mg) was also injected intravenously. After inserting a cannula into 
a femoral artery under local anaesthesia exsanguination was carried out. During collection 
of the blood more heparin (6 mg/100 ml. blood) was added to the blood, which was then 
filtered through one layer of linen (mesh 50, by 250) and stored at 36°C until used 
undiluted for the subsequent perfusion. 


Perfusion. Either the left apical together with the left cardiac lobe, or the left dia- 
phragmatic lobe alone were used, perfusion of both the pulmonary and the bronchial 
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circulation being carried out as previously described (Daly, 1956; Daly & Waaler, 1960). 
The pulmonary circulation was perfused either at constant volume inflow or at a constant 
head of perfusion pressure at 14-22 mm Hg. The reduced systemic circulation, including 
the bronchial vascular system, was perfused at constant volume inflow. This perfusion was 
carried out through a cannula inserted into the lower end of the thoracic part of aorta, the 
ascending aorta being clamped close to the heart. The main bronchial artery or arteries, 
which in the dog come off from the 5th—-8th intercostal arteries on the right side, were 
segregated and preserved. The other arterial branches from the aorta were ligated. Some 
of the blood passing through the aorta, however, was short-circuited back to the blood 
reservoir through small arterial leaks or by means of a cannula inserted into an aortic 
branch. This arrangement prevented stagnation of blood in the aorta. 

Cleaning of equipment and measurements of pressures and flow were carried out as 
described by Allison, Daly & Waaler (1961). 

Pulmonary vascular resistance. The pulmonary vascular resistance (PVR) was calculated 
according to the formula: 
Pulmonary arterial pressure (mm Hg) — Left atrial pressure (mm Hg) 

Left atrial flow (1./min) x z/m* body surface : 


where x equals the ratio of total lung weight to the weight of the perfused lobes, as given by 
Rahn & Ross (1957). 7 

Ventilation. The lung lobes were ventilated with 6 % CO, in air by a Starling ‘Ideal’ pump 
at a peak inspiratory pressure of 80-90 mm of water. The ventilation overflow was measured 
by the method of Konzett & Réssler (1940). 

Bradykinin. G. P. Lewis kindly supplied pure bradykinin (Elliott et al. 1960a) and also 
a partly purified sample (P,). Both preparations were used diluted in NaCl solution 
0-9 g/100 ml. The dilutions were made up freshly before each experiment. The bradykinin- 
containing solutions were injected into the pulmonary arterial inflow tubing or into the 
aortic inflow tubing, from which the bronchial arteries were being perfused. The injections 
were carried out with fine needles, the volumes (0-1—1-0 ml.) being kept constant for each 
experiment. 

Saliva was collected from human subjects by their spitting into a container, and from the 
dogs by collecting the spontaneous flow after morphia medication. Both types of saliva 
were centrifuged at 1200 g for 30 min, the clear supernatant liquid being used. 


PVR = 


RESULTS 


Effect on pulmonary circulation. The effect of injections of bradykinin 
into the pulmonary arterial inflow tubing was examined in eight atro- 
pinized and three non-atropinized preparations. The usual response to 
such an injection was a fall in PVR, which was obtained in nine experi- 
ments; no response was obtained with one preparation and an increase in 
PVR in another. The minimal effective dose producing a vasodilator 
response, as tested in three preparations, varied from 0-5 to 5ug of pure 
bradykinin. From 2 to 10ug produced the maximal dilator effect, giving 
a fallin PVR of from } to.20°%. The dilator effect was evident in 15-30 sec, 
reached its maximum in 1-2 min and lasted for 2-20 min after the injec- 
tion. When the injection of bradykinin was repeated several times, the 
responses diminished, even when the intervals between injections were as 
long as 15-20 min. This tachaphylaxis is illustrated in Fig. 1, which shows 
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the responses to three successive injections of pure bradykinin. With each 
subsequent injection the size and duration of the dilator response diminish. 
In the experiment of Fig. 1 the PVR was spontaneously and gradually 
falling during the period of the tests, as shown by the decline in perfusion 


20- 


Vent. 
overflow (ml.) 10- 


200- 
L.A. outflow 
(ml./min) 100 


P.A.p. a 
(cm saline) 22- 


140- 
B.P. (mm Hg) 499 


1.11 1.14 1.34 
Time 


30 sec 


Fig. 1. Effect of successive injections of bradykinin into pulmonary artery 
of isolated perfused lung lobe preparation. Dog, m, 17 kg. Left apical and ~ 
cardiac lobes perfused. Left atrial pressure = 6-5 cm saline. Injections into 
pulmonary arterial inflow tubing of 0-2 ml. 0:9% NaCl solution at 1.11 p.m., 
of 10g pure bradykinin (in 0-2 ml. 0:9% NaCl) at 1.14p.m., 1.34p.m, and 
1.54 p.m, Vent = ventilation; L.A. = left atrial; P.A.p. = pulmonary arterial 
perfusion pressure; B.P. = perfusion pressure in reduced systemic circulation 
(bronchial circulation). Ventilation pump stroke = 77 ml. Pulmonary vascular 
resistance (PVR) range during these observations = 7:4-6-5. 


pressure. A gradual fall in PVR during the initial 1-2 hr of perfusion is a 
usual feature of most experiments of this type. 

Injections of the crude bradykinin P, caused vasomotor effects indi- 
stinguishable from those given by pure bradykinin, the relative potency 
of the crude material in this preparation being about 1/200 of that of the 
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pure polypeptide. This relationship agrees well with what Elliott et al. 
(1960) found when comparing pure bradykinin with P, on other biological 
preparations. 

There was a tendency for bradykinin to cause more marked vasodilata- 
tion when the PVR was high than when it was low. This is illustrated in 
Fig. 2 which includes the maximal responses to bradykinin in ten experi- 
ments in which tests were carried out at different PVR levels. The high 


20 


> 


Vasodilator response (% fall in PVR) 


PVR 


Fig. 2. Vasodilator responses to bradykinin in isolated perfused dog lung lobe 
preparations at various levels of pulmonary vascular resistance (PVR). Pure 
bradykinin or P, (partly purified substance) injected into pulmonary artery of pre- — 
parations. The responses are the maximal ones obtained in 10 preparations, two 
of which are represented by two observations each. : 


PVR levels at which some of the tests were carried out occurred either 
during the pulmonary vasoconstriction which follows the start of bronchial 


circulation perfusion in a handled lung (Daly & Waaler, 1960) or at a late © 


stage in an experiment, when the PVR tends to rise. Because of the 
tendency for tachaphylaxis, only one or two responses from each prepara- 
tion are included in the figure. Where one preparation is represented by 
two observations, the last of them was separated from any previous 
injection of bradykinin by an interval of 1 hr or more. The vasomotor 
response to bradykinin was unaffected by atropine, the atropinized 
preparations giving vasodilator responses as great.as those given by the 
non-atropinized ones. 
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Effect on bronchial circulation. Bradykinin caused a fall in the perfusion 
pressure of the reduced systemic circulation when injected into the aortic 
inflow tubing, or when added to the blood perfusate in the reservoir. 
Since the reduced circuit consisted of the aorta and the bronchial vascular 
bed only, this fall in pressure is interpreted as being due to a vasodilata- 
tion in the bronchial circulation. Because of the shunting of a considerable 
amount of blood from the aorta back to the reservoir (see Methods), this 
perfusion circuit did not allow more than a qualitative evaluation of its 
vasomotor responses. 

Effect. on the airways. Injections of pure bradykinin or of P, into the 
pulmonary artery either caused a small bronchodilatation (Fig. 3) or had 
no effect on the tidal air (Fig. 1). Small bronchodilator responses were 
seen in one out of three non-atropinized preparations and in four out of 
eight atropinized ones. The bronchodilator effect never caused more than 
a 5%, increase in tidal air. Like the vascular effect of bradykinin the 
bronchodilator effect also diminished on repeated injections, as is illu- 
strated in Fig. 3. 

Injections of bradykinin through the aortic inflow tubing into the 
bronchial circulation also caused either a small bronchodilatation (one 
test) or no change in tidal air (two tests). Bradykinin did not cause 
bronchoconstriction in any of these experiments whether injected into the 
pulmonary or into the bronchial circulation. 

Effect of saliva on the isolated dog lung. Dog saliva, known to contain a 
bradykinin-forming enzyme, caused a fall in PVR in five out of six tests 
when added to the blood perfusate. The response to the addition of 1-2 ml. 
of saliva was of the same magnitude as that obtained with injections of 
10ug pure bradykinin into the pulmonary artery. This vasodilator effect 
occurred about 30 sec after the addition of saliva to the blood reservoir, 
and it lasted for 3-10 min. The preparation which responded to injections 
of pure bradykinin with pulmonary vasoconstriction gave a constrictor — 
response also to the addition of dog saliva. In one of the tests there was 
a moderate bronchodilatation, in the remaining five no effect on the tidal 
air, 7 

In contrast to dog saliva human saliva always caused a marked increase 
in PVR and a reduction in tidal air. The effects of dog and human saliva 
on the pulmonary and bronchial circulations and on the airways are shown 
in Fig. 4. Addition of 0-5-2 ml. of human saliva to the perfusion blood in 
nine other experiments gave results similar to those illustrated by the last 
observation in this figure. The vasoconstrictor response to human saliva 
started 0-5—1-25 min after the addition of the saliva to the blood reservoir, 
and reached its maximum 1-25-13 min after the addition. However, if 


__ the saliva was left in contact with cell-free — for 10-20 min, the 
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addition of this mixture to the reservoir caused a more rapidly developing 
vasoconstriction which reached its maximum within 1-5 min. In two of the 
ten tests with addition of human saliva the vasoconstrictor response was 
preceded by a short-lasting fall in PVR. 

In preparations perfused at a constant head of pressure (as in Fig. 4) 
the flow did not recover after being reduced by the effect of added human 
saliva. In preparations perfused at constant volume infiow (pulsatile flow) 
the PVR usually returned to the previous value within 15-30 min. 

When human saliva was added to the blood reservoir the broncho- 
constrictor response started 0-5-4 min later, thus sometimes (as in the 
experiment of Fig. 4) being delayed in relation to the vasomotor response. 


20- 
Vent. | 
overflow (ml.) 49-1 


L.A. outflow 200- 
(ml./min) 


0 


P.A. P- 24 
(cm saline) 22- 


130= 
B.P. (mm H J 
110= 
30 sec 


12.48 12.56 : ; 1.16 1.26 p.m. 
Time 
Fig. 3. Effect of successive injections of bradykinin (P,) into pulmonary artery of 
isolated perfused lung lobe preparation. Dog, m, 23 kg. Left apical and cardiac 
lobes perfused. Left atrial pressure = 3-5cm saline. Ventilation pump stroke © 
= 85-5 ml. Injections into pulmonary arterial inflow tubing of 100 pg of P, at 
12.48 p.m., Img P, at 12.56 p.m., 5mg P, at 1.06 p.m. and 1.16 p.m. and of 
1 ml. 09% NaCl solution at 1-26 p.m. Each dose of P, dissolved in 1 ml. of 


0-9% NaCl solution. Abbreviations as in Fig. 1. PVR range during these observa- 
tions = 6-6-6-0. 
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Addition of human saliva to the blood perfusate usually had little effect 
on the bronchial circulation perfusion pressure (see Fig. 4), this pressure 
showing a small to moderate rise in three preparations, a fall in three and 
no change in another two. In the remaining two preparations tested the © 
bronchial circulation was not perfused. 


Vent. 10- 
overflow (ml.) 


0- 


300 - 


L.A. outflow 200 
(ml./min) 
100 - 


P.A.p. 
(cm saline) 


BP. (mm Hg) 120- 


30 sec 


Time 
Fig. 4. Effect of addition of dog and human saliva to blood perfusate of isolated 
lung lobe preparation. Dog, f, 17 kg; 1 mg atropine sulphate intravenously before 
exsanguination. Left apical and cardiac lobes perfused. Left atrial pressure = 4 cm 
saline. Ventilation pump stroke = 44 ml. to 4.26 p.m., then reduced to 36 ml. 
Addition to blood reservoir of 1 ml. dog saliva at 4-07 p.m., 2 ml. dog saliva at 
4.19 p.m. and 1 ml. human saliva at 4.31 p.m. Abbreviations as in Fig. 1. PVR 
range during these observations = 6-5-10-7. 


DISCUSSION 


In isolated lung lobes of the dog, perfused with autologous blood through 
both the pulmonary and the bronchial circulations, vasodilatation was the . 
predominant response of the pulmonary vascular bed to bradykinin 
injections. The reduction in pulmonary vascular resistance (PVR) caused 
by bradykinin was, however, never very marked. Bradykinin was also 
found to dilate the bronchial vascular system, but no comparison between 
this response and that of the pulmonary vascular bed was feasible, because — 
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the systemic perfusion circuit was unsuitable for quantitative evaluations 
of vasomotor responses. 

There are two explanations of the fact that the vasodilator effect. of 
bradykinin in the pulmonary circulation was stronger at high levels of 
PVR than at low levels. One interpretation is that bradykinin may act 


more powerfully on vessels which have a greater vasoconstrictor tone than 


on more relaxed vessels, another that bradykinin may be acting selectively 
on types of vessels which remain open at the high PVR levels, whilst 
non-responsive vessels are closed down. 

The effect of bradykinin on the airways in the isolated lung differs from 
that obtained in the guinea-pig, in which Collier e¢ al. (1959) have found 
that bradykinin causes bronchoconstriction not only in vivo but with large 


doses in isolated perfused lungs as well. However, the recent finding of — 


Collier & Shorley (1960), that a bronchodilator response to bradykinin in 
the guinea-pig may be unmasked when the bronchoconstrictor response is 
prevented by acetylsalicylic acid, suggests that in the guinea-pig too 
there is sometimes a bronchodilator component in the — to 
bradykinin. 

The effect of dog saliva may be fully explained in terms of bradykinin 
formed when the bradykinin-forming enzyme in saliva comes into contact 
with plasma globulins. However, bradykinin formation cannot explain the 
completely different response to human saliva. Walaszek & Huggins (1959) 
have recently shown that when amylase, a constituent of human but not 
of dog saliva, is incubated with plasma proteins, a polypeptide is formed 
which has a vasoconstrictor effect. It is conceivable therefore, that the 
pulmonary vasoconstrictor and bronchoconstrictor responses to human 
saliva in our preparation are due to such a polypeptide. 


SUMMARY 
1. Injections of pure bradykinin into the pulmonary artery of a per- 
fused isolated dog lung preparation caused a small or moderate pulmonary 


vasodilatation. The vasodilatation was more marked at high than at low 
levels of pulmonary vascular resistance. 


2. Whether the preparation was atropinized or not, bradykinin caused 


either a small bronchodilatation or had-no effect on the tidal air. 


3. Both the vasodilator and the bronchodilator responses to bradykinin 


were reduced on repeated injections. 

4, Additions of dog saliva to the blood perfusate caused effects similar 
to those given by injections of large doses of pure bradykinin. Human 
saliva, however, caused marked pulmonary vasoconstriction and broncho- 
constriction when added to the mined —* 
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In curarized sympathetic ganglia responding to preganglionic volleys, 
the initial negative (N) potential may be followed by a longer lasting 
positive (P) potential and, at least in the superior cervical ganglion of 
turtles and rabbits, by a prolonged late negative (LN) wave (Laporte & 
Lorente de N6é, 19506; Eccles, 19526). These slow P and LN waves are 
distinctly larger and more definite following a tetanic train of preganglionic 
volleys than after a single volley. They can occur in the absence of any 
ganglionic spike discharge and are affected not only by the curare-like 


. Substances and anti-cholinesterases (Eccles, 1952a, b) but also by certain. 


other synaptic blocking agents to be reported below. (The symbols N, P, 
and LN will be used in this paper to refer only to potentials which do not 
require the discharge of a post-synaptic impulse for their production, as 
in Fig. 1, IJ, i.e. they will not include ganglion-cell after-potentials. The 
positivity following spike discharge in the uncurarized ganglion, as in 
Fig. 1, J, will not be referred to as a P-wave, but will be called after- 
positivity.) In this paper the question of the probable origins of these 
various components of the response seen in the curarized ganglion will be 
considered. 

More specifically, the following points have been investigated in the 
present work. The distribution of the preganglionic fibres, among the 
lower and higher threshold fibre groups, in relation to the component of 
the response which is elicited, has been analysed. To test the possibility 
that a non-cholinergic pathway is involved in generating the P or LN 
responses, Botulinum toxin was applied to uncurarized ganglia. Ambache 
(1949, 1951), Burgen, Dickens & Zatman (1949), and Brooks (1956) have 


shown that this agent appears to paralyse specifically the release of 


acetylcholine without affecting responsiveness to applied acetylcholine 
(ACh) or adrenergic release, although the extent of this specificity has 


recently been questioned (Winbury, 1959). To help distinguish among. 
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cholinergic actions, the effects of atropine were compared with those of 
curariform blockers. Numerous reports have indicated that adrenaline 
may be involved in transmission in sympathetic ganglia (see review by 
Goffart, 1957), and that there is a release of an adrenaline-like substance 
following preganglionic stimulation (Biilbring, 1944). Therefore the actions 
of adrenergic-blocking drugs and of certain related substances on the 
ganglionic potentials were investigated in the present work. It will be 
seen that the N, P, and LN components of the response of the curarized 
ganglion are best characterized as post-synaptic potentials which exhibit 
sometimes sharply differential properties. A theoretical picture will be 
proposed which postulates different post-synaptic sites and transmitter 
actions to explain the origins and properties of such post-synaptic potentials. 


METHODS 


The rabbit superior cervical ganglion with its pre- and post-ganglionic nerve trunks was 
isolated (from rabbits under paraldehyde anaesthesia) and mounted in a chamber, as already 
described (Eccles, 1952a). The ganglion was freed from all external connective tissue, 
including the sheath, under a binocular microscope. Usually one or two small snips were 
made in the cleaned ganglion so that thorough penetration, particularly by Botulinum 
toxin, might be facilitated, although it is questionable whether this was necessary. The 
stimulating leads on the preganglionic trunk were arranged with the cathode proximal to 
the ganglion, with an earthing electrode between cathode and ganglion; the active recording 
electrode supported the ganglion usually at its cranial, post-ganglionic pole, the second lead 
being located some millimetres away, at or near the cut end of the post-ganglionic nerve. 
The Ringer—Krebs solution had the same composition (except for 1-0 mm Mg**, instead of 
0-5 mM) as that used earlier (Eccles, 1955). All the drug effects studied (unless otherwise 
stated) were tested in vitro on these ganglion preparations, at 35-38° C. Adrenaline, how- 
ever, was tested on the responses of ganglia in vivo, since the concentration of adrenaline 
in the bathing solution of an isolated preparation is subject to the vagaries of oxidation both 
enzymically and non-enzymically in the high pO, of the bath. All ganglionic responses were 
recorded on an oscilloscope after amplification by a DC amplifier. 

The Botulinum toxin was a sample of Type A, P-3 received from Porton in 1954. A mouse 
assay showed the LD,, to lie in the range 1-4 x 10-* mg, i.e. it was close to the original value 
given, 2x 10-*mg (see Brooks, 1956). The toxin was weighed out and dissolved in 
1% Na,HPO, with 0-2 % gelatine at a pH of 6-6. The dissolved toxin was kept at — 20°C, 
there being no loss in toxicity over 3 weeks (Ambache, 1951). The amount of solution con- 
taining toxin or other drugs which was added to the environment of any ganglion was too 
small to cause any appreciable dilution of the Ringer’s solution. The slight increase in 
phosphate that did occur with addition of toxin was shown to be ineffective, as responses of 
a ganglion in a solution at equivalent phosphate level were unaltered over 5 hr. The usual 
precautions were taken when handling Botulinum toxin. Any solutions that contained or 
- could have been contaminated by toxin were boiled for 30 min before they were discarded. 

To produce curarization of the ganglia dihydro-f-erythroidine hydrobromide was applied 
in @ concentration (usually about 10 »g/ml.) which was just sufficient to extinguish the spike: 
discharge of the ganglion even upon repetition (although if a very small spike appeared only 
among the first few responses of a tetanic train it was tolerated). 
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RESULTS 
Preganglionic control 


Preganglionic fibre type. The preganglionic fibres supplying the rabbit's 
superior cervical ganglion may be classified into the lower threshold, 
myelinated, B group and the higher threshold, unmyelinated, C fibres 
(Bishop & Heinbecker, 1932). It had been reported earlier (Eccles, 1952) 
that stimulation of fibres having conduction velocities of the first group 
initiates the S, spike discharge in the uncurarized ganglion. Stronger 
stimuli, which also excite the fibres having conduction velocities of the 
. second group, added a later S, spike discharge to the ganglion response, 
and also produced a considerable enlargement in the after-positivity that 
follows the response to a single volley. These findings were confirmed in 
three ganglia of the present series. A similar correlation of post-ganglionic 
spike discharges with B and C fibre preganglionics was found for the turtle’s 
superior cervical ganglion by Laporte & Lorente de N6é (1950a). It should 
be noted that our preganglionic recordings did not permit clear observa- 
tion of the appearance of the slower subgroups of the B fibres, described 
by Bishop & Heinbecker (1932). Any special significance that such fibres 


might have for the initiation of the various responses investigated in this. 


work would therefore remain unknown. Also, the maximum height of the 
Sa spike usually was achieved only at a stimulus strength which was above 
threshold for the Sp response (e.g. Fig. 4#), making it difficult to exclude 
the possibility that some of the lower threshold fibres of the C group might 
be contributing to the later part of the S, spike discharge. 

In the present work, the strength of the stimulus required for the 
excitation of B and C preganglionic fibres was studied in relation to 
' production of the P and LN potentials by tetanic trains of preganglionic 
impulses (usually 40/sec, with 0-5 or 1 sec train duration) in just-curarized 
ganglia. In most experiments the preganglionic action potentials were not 
actually monitored; instead, the stimulus strengths required to produce 
the maximal §, and S) spike discharges of the uncurarized ganglion were 
used as an approximate index of the activation in that preparation of the 
B group and of the B plus C groups respectively (e.g. Figs. 1, JA, HE and 
4, H, A). These stimulus strengths will be referred to as maximum S, and 
maximum Sp» respectively. 

In most cases, the P wave of the curarized ganglion showed a definite 
_and often large increase when preganglionic stimulus strength was raised 

from max. S, to max. Sy (e.g. Figs. 4N, R; 5G, J; and 1, 1IC,G, D, Hin 
which §, alone, in C and D, was slightly submaximal). Laporte & Lorente 
de N6 (1950b) also demonstrated a large production of P potential by 
C fibre preganglionic volleys in curarized turtle ganglia. With a stimulus 
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strength of about one half to two thirds max. S,, the P wave was cor- 
respondingly lower (e.g. Fig. 47, NV). In four out of ten ganglia, however, 
the changes in P wave were small, or negligible, or somewhat variable 
(e.g. Fig. 37, M). Since P was significantly larger at the max. Sp strength, 
the latter was included in all the test situations reported in this paper. 


Fig. 1. Effects of stimulus intensity, frequency, and train duration (total number) 
of preganglionic volleys on ganglion responses. Section [A—I H, before curarization ; 
section II A-II M, after curarization with dihydro-f-erythroidine-HBr, 7-5 pg/ml. 
For both horizontal rows J A—D and II A—D, stimulus strength = 6V, in this case 
somewhat submaximal for 8, spike and below §, spike threshold ; for both horizontal 
rows E-H and for row J—M, stimulus strength = 30 V at max. 8, strength. Vertical 
column under A, single volley (except in JJ J, 40/sec); column under B, 10/sec train 
of stimuli for 2 sec duration (except II K, 10/sec for 0-5 sec); column under C, 20/sec 
for 1 sec (except II L, 20/sec for 0-5 sec); under D, 40/sec for 0-5 sec (except II M, 
15/sec for 0-5 sec). Time scale in J A applies to vertical column under A; that in JB 
applies to all the rest. Voltage scale in I A applies to all of section J ; that in IJ A to all 
of section JJ. Faint spike potentials have been retouched. 


The LN wave, on the other hand, was either slightly or not at all greater 
when stimulus strength was raised from max. S, to max. Sp (e.g. Figs. 1, 
IIC, 4, D, H; 31, M;4N, R; 5G, J). The magnitude of LN wave was also 
less sensitive than the P wave to a reduction of stimulus strength to about | 
one half max. 8S, (e.g. Fig. 4J, NV’). 

Frequency and total number of preganglionic volleys. It seemed possible 
that another way to differentiate the origins of the various components of 
the synaptic potentials might lie in examining their generation by different 
frequencies of preganglionic volleys. Since P and LN waves develop 
slowly and have long durations, the train duration: or total number of 
preganglionic volleys might also have an effect, independent of the 
frequency. Consequently, tests were done (a) with different frequencies 
but with a sonatent number of twenty volleys, by suitably adjusting the 
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train duration at each frequency, and (b) with different frequencies at a 
constant train duration (i.e. varying total number of volleys as well as 
frequency). 

In Fig. 1, JJ, it may be seen that the P wave which follows the pre- 
ganglionic tetanus in a curarized ganglion shows a definite increase in 
amplitude and duration with increase in frequency of the preganglionic 
volleys. This occurred whether (a) the total number of volleys was kept 
constant at 20 (Fig. 1, JJ F, G, H) or (b) the train duration was kept constant 
at 0-5 sec (Fig. 1, J] K, M, L, H). If the P wave is observed for the same 


tetanic frequency but with different train durations (i.e. varying the total 


number of preganglionic volleys) there is much less change (e.g. Fig. 1, ZJ F, 
K, or G, L), or sometimes a change in the opposite direction (i.e. a larger P 
with shorter train duration). While only frequencies between 10/sec. and 
40/sec. are illustrated in Fig. 1, P was seen to be even smaller at 6/sec than 
at 10 and somewhat larger (though not always so) at 60 or 80/sec. A change 
in P with frequency was seen whether the preganglionic stimulus strength 
was at the max. S, level, as in Fig. 1, JJ B, C and D, or at max. Sp, as in 
Fig. 1, JJ F, G, and H. Thus the post-tetanic P wave is ‘sensitive to the 


frequency rather than the total number of the preganglionic volleys which 


elicit it, becoming maximal with about 40—60/sec tetani. In the uncurarized 
ganglion the after-positivity, presumably largely or entirely due in this 
case to true positive after-potentials, appeared to show less striking 
changes with change in frequency (Fig. 1, J). 

The LN wave, which lasts for several seconds after the P wave in a 
curarized ganglion, appears to behave differently from the P wave. In 
condition (a), total number of volleys constant at 20, there was relatively 
little effect of change in frequency between 10/sec and 40 (or even 80)/sec 
(Fig. 1, IIB, C, D, F, G, H). This result obtained at both strengths of 
preganglionic stimulus. Though not included in the figure, the LN wave 
after a 2/sec tetanus (train duration, 10 sec) was distinctly present but 
considerably smaller than at 6/sec (train duration, 3-2 sec). The LN wave 
achieved its maximal amplitude at about 6 or 10/sec, though its duration 
and total area tended to increase somewhat with further increase in 
frequency. On the other hand, in condition (b), with train duration fixed 
at 0-5 sec, the LN wave did increase progressively with increasing fre- 
quency at least up to 60 or 80/sec (e.g. Fig. 1, IJ K, M, L, H). This increase, 
however, can be explained by the increase in total number of volleys which 
occurred as the frequency was raised. This explanation is confirmed by 
observing the LN wave at a given frequency but with changing train 
duration (i.e. change in total number of volleys only), as in Fig. 1, JJ K 
_ and F, or L and G@ (see also Eccles, 19526). Thus the LN wave increases 
significantly in and duration mainly with increase’ in total 
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number of volleys (at least between 2 and 20), and shows relatively little 
change with increase in frequency per se above 6 or 10/sec. 

The above description has dealt only with the post-tetanically observed 
P and LN waves, and not with any responses during the tetanus. It has 
also ignored the masking of one potential by another simultaneously 
occurring one. If one examines the onset of the positivity and of the 
secondary negative swing during the repetitive train of stimuli in curarized 
ganglia, one sees that the swing toward positivity begins early in the 
tetanus, superimposed upon the N potential (Fig. 1, [7 ; see also, Laporte & 
Lorente de N6, 19506; Eccles, 19526). The secondary negativity, however, 
does not become evident until about 0-4 sec of the tetanus has elapsed. 
It seems likely that the secondary negative swing in the base line that 
may be seen during a tetanus (e.g. Fig. 1, JJ B, C, F, G) is part of the same 
process that leads into the LN wave which is seen following the tetanus 
(see also Eccles, 1952 6, Figs. 3, 9, 10). When the P wave has been almost 
- completely abolished by dibenamine (see below), the remaining partially 
_ depressed post-tetanic LN wave becomes evident immediately after the 
0-5 sec tetanus is over (Fig. 5 K, L). Even if this secondary negative base- 
line swing during a tetanus were to be included in the total LN potential, 
it would not appear to modify seriously the conclusions derived with 
respect to changes in LN potential under the conditions tested. 

Electrical interaction by the overlapping of N, P and LN during a 
tetanus make it impossible quantitatively to determine the values of each 
response. The estimate of the component of P potential during the tetanus 
' would seem to be more obscure than that of N or LN, even for a train 
lasting 0-5 sec or less so as to avoid the onset of the late negativity during 
stimulation (Fig. 1, 17K, M, L, H). Thus one is less confident than in the 
case of the LN response about the influence of any changes in P potential 
during a tetanus on conclusions derived from observing only the post- 
tetanic component of P. However, under conditions in which the 
N potential is relatively suppressed (heavy curarization), the P wave © 
recorded during a 20/sec tetanus appeared to show relatively little increase 
in amplitude as the train duration was increased from 0-2 to 3-0 sec, 
though there was some increase in the duration, i.e. total area, of the 

P wave (Eccles, 1952, Fig: 6). 
The overlapping of the P and LN components must be borne in ied 
when assessing even their post-tetanic values. For example, the marked 
reduction in amplitude of the LN wave by the addition of an anti- 
cholinesterase to a heavily curarized ganglion is coupled with an increase 
in the amplitude but especially in the duration al the P wave (Eccles, 
19526). 
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Botulinum toxin 


After introducing Botulinum toxin into the solution bathing an un- 
curarized ganglion, the ganglionic responses to preganglionic volleys were 
tested periodically. These volleys were not continuous, being delivered 
in testing groups at intervals of about 4-1 hr. In all experiments except 
the first a concentration of 20,000 mouse LD,, units of toxin per millilitre 
of bath fluid was used. With this dose of toxin it was found that the spike 
responses to single volleys progressively decreased to zero within 2-3 hr 
(e.g. Fig. 2A, B, C, D), leaving behind a synaptic potential which also 
gradually disappeared within another hour or two (Fig. 2D, EH, F, @). 


Repetitive stimulation could still elicit either spikes or negativity for some — 


time after single volleys were no longer effective (e.g. Fig. 2, bottom three 
horizontal rows). At no time during this blocking action of the toxin could 
any change be detected in the stimulus thresholds or action potentials of 
the preganglionic B or C fibre groups. 

As in curarized ganglia, a post-tetanic P wave was visible (after a 
40/sec tetanus lasting 1 sec, Fig. 2W, X, Y) even when there was no longer 
any evidence of spike discharges (Fig. 2, horizontal rows H, L, S; F, M, 7; 
and G, N, U). In contrast with the curarized ganglion, an LN wave was 


very smail (Fig. 2 W) or absent during the Botulinum depression. Further- — 


more, there appeared to be no obvious differential blocking of the various 
potential components; the N and P waves (and LN, when present) 
decreased together progressively during the action of the toxin (Fig. 2 W, 
X, Y). 

‘Several other points of interest may be noted in Fig. 2. (a) The 8, and 
Sp spikes did not disappear at similar times of Botulinum action, the 


Sp spike outlasting the former (Fig. 2C, D, vs. A, B). (6) Even when the. 


ganglion spike has been greatly reduced, as tested with single preganglionic 
volleys (Fig. 2C, D), it was increased and sustained upon repetitive 
activation at 40 and 80/sec (Fig. 2J, K,Q, R). (c) The same applied even 
more strikingly to the negative synaptic potential, N, in the absence of 
spikes. Upon repetition at 40/sec, the N response rapidly increased several 
fold and tended to continue increasing during the course of the 0-2 sec 
train, even when the single synaptic response was almost gone (Fig. 2 Z, 
F, G, and L, M, N). At 80/sec (Fig. 2.8, 7, U) the N response was con- 
siderably greater than at 40/sec, especially in the late stages of blocking 
(Fig. 27, U, vs. M, N). Of further interest was the finding that after 
the toxin had suppressed the spike responses, dihydro-f-erythroidine, 
(12-5ug/ml.), produced a furthér rapid decline of all the remaining 
ganglion responses. Eserine (1yg/ml.) added at a similar stage to a toxin- 
treated ganglion had little or no effect on the course of events; there was 


one 
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a questionable small increase in duration, and perhaps in amplitude, of 
the P wave coupled with 4 loss of what appeared to be a remnant of an 
LN potential. 


A! H | 


| 


Fig. 2. Progressive effects of Botulinum toxin. Horizontal row, A, H, O, responses 
before toxin; row B, I, P, 1 hr 25 min after addition of 20,000 mouse LD,, u. 
Botulinum toxin/ml. bath fluid; C, J, Q, 2 hr; D, K, R, V, 2 hr 30 min; Z, L, S, W, 
3 hr 15 min; Ff, M, T, X, 3 hr 50 min; G, N, U, 4 hr.25 min. Vertical column 
A-G shows response to a single volley at each of the respective times, Vertical 
column H—N, responses to a brief 40/sec tetanus; column O-U, response to a brief 

_ 80/sec tetanus (except P, single volley at same stimulus strength as H, I and OQ); 
column V—Y, responses to a 1 sec train at 40/sec. Although all stimulus strengths 
were close to or above that required for producing the max. §, and 8, spikes in the 
normal ganglion, they unfortunately were not identical and will therefore be listed 
by vertical column: (A 17-5V; B, C, D 22-5; EH, F, G@ 25; H, 115; J, K, L 22-5; 
M, N 25; O, P 15; Q, R, S 22-5; T, U 25; V, W 22-5; X, Y 25. The voltage scale 
in A applies to the horizontal rows starting with A, B, C, and D; that in E applies 
to horizontal row H; that in F applies to the horizontal rows F and G. The time scale 
labelled 100 msec applies to the first three vertical columns (under A, H and Q); the 
1 sec scale applies to vertical column V,W,X, Y. Faint spikes have been retouched. 


Atropine 
Atropine was employed in order to test the possibility that more than 
one type of cholinergic receptor site might be involved in the synaptic 
generation of the N, P and LN responses. It was added to the bathing 
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medium of ganglia which were already moderately curarized with dihydro- 
f-erythroidine (approximately 10ug/ml.) and which were thus clearly 
exhibiting the N, P and LN responses, uncomplicated by spike discharge 


or by positive after potentials (e.g. Fig. 3, vertical column A; with 40/sec 3 


repetition of preganglionic volleys there were very small spikes on a few 
of the early responses). It was found that a low concentration of atropine 
sulphate, 0-1yg/ml., depressed both the P and LN waves without having 
any effect on the tetanic N potential (Fig. 3, vertical column B, F, J, N). 
In fact, in some instances the tetanic N potential was larger with atropine. 


' 20 msec J 


Fig. 3. Effect of atropine on responses of ganglion already curarized (with 
dihydro-f-erythroidine-HBr, 10 pg/ml.). Vertical column A, E, I, M, after curariza- 
tion but before atropine; column B, F, J, N, after adding atropine sulphate, 
0-1 ug/ml., to the curarizing bath fluid; column C, G, K, O, after raising atropine 
concentration to 0-5 ug/ml.; column D, H, L, P, after raising atropine to 8-Oyg/ml. 
Horizontal row A—D, responses to single volleys, at max. S, spike strength (as 
determined before curarization) for each respective concentration of atropine. 
Horizontal rows H~H and M-—P, responses to 40/sec tetanus of 0-5 sec duration, at 
max. §, spike strength ; row J—L, responses to similar tetanus, but at max. 8, spike 
strength (just above threshold for the 8, spike complex). Voltage scale same 
throughout. Time scale of 20 msec under Z applies to horizontal rows A—D and 
E-—H; 1 sec scale under K applies to rows J-L and M-—P. Faint tracings have been 
retouched, | 


Such increases in N were probably-due to the depression of a’ component 
of the P potential which may be occurring during the tetanus. The single- 
volley N responses were usually somewhat reduced by atropine; they were 
never increased (e.g. Fig. 3A, B, C, D). When atropine concentration was 
increased to 0-5 and 8-0yug/ml. (Fig. 30, G, K, O and D, H, L, P, respec- 
tively), the LN wave was completely gone, but a small P wave resisted 
abolition even at the 8ug/ml. concentration. At the higher concentrations 
some depression of the tetanic N wave became noticeable in some experi- 
ments; but it is significant that a large increase, from 0-5 to 8-0 ng/ml., for 


example, could occur with relatively little change in tetanic N (Fig. 3K, 
a vs. L, P). 
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Dibenamine 
Dibenamine and several other drugs (see below) were utilized in an 
attempt to block any adrenergic step that might be involved in producing 
the slow synaptic potentials. Dibenamine was tested in the same way as 
atropine, i.e. on moderately curarized ganglia (e.g. Fig. 4, vertical column 
B, F, J, N, and Fig. 5, column A, D, G, J). A longer soaking time, at least 
45-60 min instead of the usual 20-30 min, was permitted with dibenamine, 
since its action following intravenous injections in vivo takes considerable 
_ time to develop; a test run on the isolated ganglion indicated that the 


Fig. 4. Effect of dibenamine on responses of ganglion already curarized (with 
dihydro-f-erythroidine-HBr, 7:5 ug/ml.). Vertical column A, HZ, I, M, Q, ganglion 
before curarization; column B, F, J, N, R, after curarization; column C, G, K, O, S, 
after adding of dibenamine 1 pg/ml. to the curarizing bath fluid; column D, H, L, 
P, T, after raising dibenamine concentration to 4ug/ml. Horizontal row A~—D, 
responses to single volleys and row F-H, to brief tetanus at 40/sec, all at max. 8, 
spikestrength ; H, single volley at max. 8, spikestrength (slightly above threshold for 
S, spike complex ; compare with A). Horizontal row I—L, responses to 0-5 sec tetanus 
at 40/sec, with stimulus strength somewhat submaximal for 8, spike, i.e. below that 
in EZ; row M-P, similar to J—L but with max. 8, stimulus strength, asin Z; row Q-T 
similar to J—L but with max. S,, stimulusstrength, asin A. Voltagescale same through- 
out; Time scale under A for A, B, C, D, H; scale under F for F-H; acale under T' for 
I-T. Over-exposed, thickened tracing in K was retouched. 


maximal effect was achieved after this longer soaking period. At a con- 
centration of 1 ug/ml. there was a strong depression of the P wave, a 
smaller depression of at least the total area under the LN wave, and no 
depression or an increase in the tetanic N potential (e.g. Fig. 4, column C, 
G, K, O, 8), although the single volley N wave was reduced (Fig. 4C’). At 
higher concentrations (Fig. 4, columns D, H, L, P, 7; and Fig. 5, columns 
 B, EH, H, K and C, F, I, L) there was a reduction in the tetanic N wave as — 
well as further decreases in the sizes of the P and LN waves (Figs. 4 K-L, 
O-P, and S-7': and 5G-I and J—L), and in the single N response (Figs. 
4C0—D, and 5 A-C and D-F). There would seem to be a less differential 
specificity for the dibenamine depression of the P and LN waves as opposed 
to the N potential than is the case for atropine. However, it seems clear 
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that the P wave is distinctly more sensitive to dibenamine than is LN, 
and the LN considerably more so than the N potential. | 

Adrenaline inhibition and dibenamine. When injected into the blood 
supply of a ganglion with its circulation intact (Marazzi, 19396; Lundberg, 
1952), adrenaline reversibly depresses the ganglion spike responses, as is 
illustrated in Fig. 6A, D, G. There was no evidence of facilitation with these 
single test volleys. This confirms earlier reports in which similar dosages 
were used (Lundberg, 1952). 


Fig. 5. Effect of dibenamine in a higher range of concentrations on responses of 
curarized ganglion. Vertical column A, D, G, J, after curarization (dihydro-f-ery- 
throidine-HBr, 7-5 »g/ml.) but before dibenamine; column B, E, H, K, after adding 
‘ dibenamine, 5yg/ml. to curarizing bath fluid; column C, F, J, L, after raising 
dibénamine concentration to 8 g/ml. Horizontal row A-—C, responses to single 
volleys, and row G—I, to 0-5 sec tetanus at 40/sec, both rows at stimulus strength 
for max. §, spike (as determined in this ganglion before curarization); rows D—F 
and J—L similar to A-C and G—I respectively, but at stimulus strength for max. 8, 
plus 8, spike. Voltage scale same throughout. Time scale under F for A-F; 
scale under L for G—L. : 


If repetitive volleys at 40/sec and 1-0 sec train duration were used as 
tests, two phases of depression and facilitation of the spike were seen 
(Fig. 6H): (a) The initial spike was depressed as in Fig. 6D, but the next 
few spikes were in the range of amplitude seen without adrenaline. (Total 
spike height should be measured from the base line prevailing during, not 
before, the tetanus, if these are to be compared for different resting trains, 
since there is also a change in the after-positivity, Fig. 64, D). This large 


facilitation of a second spike, following the first by about 25 msec, was 


already reported by Lundberg (1952). (b) However, following these few 
facilitated spikes the amplitude again dropped off by about 15 or 20%, 
and gradually built up once more towards the normal height over a period 
of about half a second. An initial depression followed by some facilitation 
-and then by a second period of depression of transmission of a train of 


volleys may also be seen during a tetanus in partially curarized ganglia - 
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(e.g. Eccles, 19526); but the subsequent second recovery or facilitation 
phenomenon during a tetanus, in a ganglion subjected to adrenaline, is 
not seen with partial curarization. 

Some hours after the end of a slow intravenous injection of dibenamine, 
about 25 mg/kg, the adrenaline test was repeated (Fig. 6C, F, I). There 
was now much less reduction in spike height (both 8, and Sp components) 


D | 
BN E\, 


Fig. 6. Effect of adrenaline, before and after dibenamine, on ganglion responses. In 
vivo preparation, rabbit (approx. 2 kg) anaesthetized with paraldehyde. Vertical 
column A-O, responses at the start of, or just before, the injection of adrenaline; 
column D—F’, at approximately the time of the peak effect following an intravenous 
injection of 15 yg of adrenaline bitartrate (D at 24 sec, H at 30sec, F at 24 sec after 
injection); column G—I, still later (G and H at 120 sec, I at 50 sec after injection). 
Horizontal row A, D, G, responses to single volleys, max. for 8, and somewhat sub- 
maximal for §,, spike strength, delivered at a continuous rate of 1/1-7 sec during the 
adrenaline test ; line B, Z, H, responses to 1 sec tetani at 40/sec, delivered periodically 
at about 10—12sec intervals during the first minute after injecting adrenaline and then 
at 30 sec intervals (arrows point to the tip of the first spike of each tetanus shown) ; 
row CO, F, I, as in line A, D, HZ, but taken approximately 3. hr 20 min after the end 
of a very slow intravenous injection of about 50 mg dibenamine-HCl. Voltage scale 
same throughout. Time scale under D for rows A, D, G and C, F, I; scale under Z 
for row B, EZ, H. Faint spikes have been retouched. 


and in the ate ecnilivity (compare with Fig. 6A, D, G). Lundberg (1952) 
has shown a similar antagonism of dihydroergotamine against the action 
of injected adrenaline. Since the full effect of dibenamine did not occur 
until about 3 hr after its injection, this may explain Matthews’s failure 
(1956) to find an antagonism between adrenaline and dibenzyline, a close 
relative of dibenamine. That a blood level of dibenamine, sufficient to 
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antagonize most of the effects of injected adrenaline, did not itself com- 
pletely suppress the P and LN potentials could be shown after curarization 
of such a preparation. 


Other drugs 

Ergotamine (tartrate) ; dihydroergotamine (methane sulphonate). Each of 
these drugs was tested on an isolated, curarized ganglion (one each) at 
concentrations of 1-20pg/ml. and 2-20yug/ml. respectively. At these 
concentrations there was little effect, if any, on the N, P and LN potentials. 

1—(3' -dichlorophenyl)-2-isopropylaminoethanol-HCl. This compound, 
the chloro-analogue of isoproterenol, has been reported by Slater & Powell 
(1957) to block certain inhibitory actions of adrenaline and of isoproterenol 
in smooth muscle, in concentrations of 2-100 g/ml. On the supposition 
that the P wave in curarized ganglia represents an inhibitory action of 
adrenaline released in the ganglion, it was of interest to test the relative 
sensitivity of the P wave to this drug. The only result obtained was a 
non-specific depression of all the synaptic potentials (N, P and LN) in 
curarized ganglia, at concentrations of 5 and 10 ug/ml. All these responses 
were virtually abolished when the concentration was raised to 30 yg/ml. 
A similar depression was seen for the —_ and atter-positivity in the 
uncurarized ganglion. 


5-hydroxy-tryptamine (5-HT'); lysergic acid diethylamide (LSD). When 


5-HT was added to an uncurarized ganglion in a concentration of 0-lug/ml., 
there was a slight reduction in the spike heights (S, and Sp) and in the 
_after-positivity following a single volley or following a 40/sec tetanus 
lasting 1 sec. An increase in 5-HT concentration to 1:0ug/ml. was followed 
by further slight reductions, 8, more than Sp. Washing for about 2 hr in 
fresh Ringer’s solution partially restored the losses in amplitude of spike 
and after-positivity. Thus 5-HT appeared to have a slight depressant 
action, in the same way as adrenaline; but since it was not tested in a 
perfused ganglion the quantitative estimation of its effectiveness is in 
doubt. 

To help test the possibility that 5-HT might be a natural synaptic 
mediator in the origin of the P or LN waves, LSD was added to a curarized 
ganglion. LSD in very low concentrations (0-01 g/ml.) has been shown 
to antagonize certain actions of 5-HT (Gaddum, 1957). When LSD was 
added, in a concentration of 0-01 or 0-1 ug/ml., to a ganglion curarized by 
dihydro-8-erythroidine, there appeared to be little or no change in P and 
in LN, relative to the N potential, which hardly changed. The drug was 
only tested in one preparation, but that was sufficient to show that its 
effectiveness was much less than that of atropine or dibenamine. 
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DISCUSSION 


Post-synaptic nature of the N, P, and LN potentials. Earlier work has 
already shown that the N response of the curarized ganglion appears to be 
identical with a depolarizing post-synaptic potential that is recorded in 
single ganglion cells by means of an intracellular micro-electrode (Eccles, 
1955). Like the N response, the P and LN potentials in curarized ganglia 


~ occur in the absence of any ganglionic spike discharge and they should not, 


therefore, be thought of as ganglionic after-potentials (see also Laporte & 
Lorente de N6, 19506). This latter conclusion is further supported by the 
lack of any effect of veratrine (approx. 10-7? and 10-*m) on the N, P, or 
LN responses, even though this drug greatly increased the negative after- 
potential following spikes in uncurarized ganglia (R. M. Eccles, unpublished 
observations). The present work shows that the P and LN potentials of 


_ lightly curarized ganglia can be readily suppressed by low concentrations 


of other known post-synaptic blocking agents, namely atropine or diben- 
amine, with relatively little effect on the N potential. In addition, a record- 
ing from the preganglionic nerve, with one lead less than 1 mm away from 
the preganglionic pole of the ganglion, shows no appreciable N, P, or LN 
potentials when these are elicited in the ganglion (Libet, unpublished). 
The evidence at present thus strongly supports the view that the P and LN 
potentials, like the N potential, are also part of the post-synaptic response. 

Differential nature of the N, P, and LN potentials. In the present work 
it is seen that the P and LN components of the potentials recorded in 
curarized ganglia are differently affected by the strength of the pre- 
ganglionic volley, and by the frequency as well as by the total number of 
these volleys (Fig. 1). The striking sensitivity of both the P and LN 
potentials to suppression by low concentrations of atropine or dibenamine 
is in sharp contrast to that of the initial N potential (Figs. 3, 4, and 5); 
with these drugs one can retain a tetanic N potential that is unaffected or 
even greater than in the control, curarized state (though there may be 
some decrease of the single-volley N response), while virtually eliminating 
the P and LN potentials. There is also a discernible difference between 
P and LN sensitivities as well; P. is the more sensitive to dibenamine, a 
small LN potential being retained even with P completely abolished 


' (Figs. 4 and 5), while LN is the more sensitive to atropine (Fig. 3). Earlier 


work (Eccles, 1952a@) had already shown other differential sensitivities to 


blocking agents. The N potential is much more sensitive to curariform 


blockers; with these drugs large P and LN potentials can be retained when 

the N potential has been almost entirely eliminated. Anti-cholinesterases 

such as prostigmine have a further differential effect on strongly curarized 
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ganglia, in that they can suppress the LN wave and leave behind a large 
P wave which then is present in a virtually pure form (Eccles, 19526). All 
this evidence seems to leave little doubt that the N, P, and LN com- 
ponents of the response in the curarized ganglion are separate responses 
which probably have different post-synaptic origins. 


Theory to explain the origins of the various post-synaptic potentials 


It is already accepted that the spike response of the post-ganglionic unit . 


to preganglionic activation, and the initial depolarizing (N) post-synaptic 
potential, is cholinergically mediated (see Eccles, 1957). 

The P potential. The existence of chromaffin cells and their innervation 
by preganglionic nerve fibres in sympathetic ganglia has been described 
(for refs. see Biilbring, 1944, and Lundberg, 1952). Such cells appear to be 
generally associated with the content of adrenaline, rather than nor- 
adrenaline,’ in tissues other than the adrenal medulla (von Euler, 1959). 
A significant output of adrenaline from sympathetic ganglia following 
stimulation of the preganglionic nerve has in fact been reported (Lissak, 
1939; Bilbring, 1944). In addition, Lundberg (1952) had reported the 
occurrence of some rise in the demarcation potential of sympathetic 
ganglia in many, though not all, instances following the intravenous 
injection of adrenaline. When this evidence is coupled with our finding 
that dibenamine can eliminate the P potential with relatively little effect 
on the N response, it adds up to strong support for the view that the 
P potential (in curarized ganglia) is elicited by an adrenaline-like substance. 
The latter would be secreted by the chromaffin cells in response to pre- 
ganglionic volleys and, after diffusion to appropriate sites on the post- 
ganglionic neurone, would initiate a hyperpolarizing response (the surface- 
positive, P, wave) at the membrane of this cell. The latency of onset for 
P (or LN) is virtually impossible to estimate accurately because of the 
temporal interaction that is possible among the N, P and LN components. 
However, P latency appears to be much longer than that for N, and 
certainly its duration, with single or repetitive preganglionic volleys, is 
much longer (even seconds, in the presence of prostigmine). Such slow 
characteristics would fit with the proposed adrenaline secretion-diffusion 
mechanism. 

We find that Botulinum toxin gradually suppresses all the ganglion 
responses without any definite distinctions. We may therefore assume that 
there are synaptic junctions that involve the release of acetylcholine 
which are interposed in the mechanisms originating all the post-synaptic 
components. In view of the proposed position for a transmitter action of 
adrenaline (see above), the interference with the P response by Botulinum 
toxin would have to be placed at a prior step in the sequence, i.e. at the 
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activation of the chromaffin cells by the preganglionic nerve endings (see 
Fig. 7). The cholinergic synapse leading to the P potential is relatively 
insensitive to curariform drugs (or to penta- and hexa-methoniums, 
R. M. Kecles, unpublished observations), but is readily suppressed by low 
concentrations of atropine, hence it would appear that the receptor sites 
for ACh on the chromaffin cells are different from N sites on the ganglion 
cell, i.e. they are perhaps muscarinic rather than nicotinic in nature. This 
part of the hypothesis could be tested by comparing the effects of atropine 
with curare- or nicotine-like blocking agents on the actual release of 
adrenaline-like substance following preganglionic nerve stimulation. 


_ Atropine 


ACh release 


t 


Botulinum 
toxin 


Preganglionics 


Chrom- 
affin cell 
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Fig. 7. Diagram of theory suggested to explain the synaptic origins and blockade 
of the N, P, and LN potentials. Receptor sites for the transmitter substances are 
shown as small blocks on cell membranes. (It should be noted that no significance 
should be attached to the particular locations of the P and LN sites with respect 
. to either the axon hillock or the subsynaptic N receptor sites; the N, P and LN sites 
derive their location, as well as their number, on the ganglion cell membrane in the 
diagram from convenience in illustrating, not because these parameters are known.) 


The LN potential. The results with Botulinum toxin indicate that this 
component also requires an ACh-release step. However, the insensitivity 
of the LN potential to blocking by curariform drugs (or by the penta- and © 
hexa-methoniums, R. M. Eccles, unpublished observations), coupled with 
a great sensitivity to atropine, would indicate that the cholinergic receptor 
sites for this depolarizing post-synaptic response are also different from 
those mediating the N synaptic potential. (It may be recalled that the 
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penta- and hexa-methoniums are highly specific for nicotinic-type re- 
ceptors, and do not have any atropinic or muscarinic actions; Paton & 
Zaimis, 1952.) This muscarinic, rather than nicotinic, type of susceptibility 
of the LN response is the chief reason for proposing separate receptor 
sites on the ganglion cells as the origin of the LN response. However, the 
effect of the anti-cholinesterases in suppressing the LN potential indicates 
that the bonding properties of such separate receptor sites for the LN 
response may be different from the known muscarinic as well as nicotinic 
ACh receptors. 

Although an estimate of LN latency is subject to the difficulties already 
discussed, a probable value of 0-2—0-4 sec may be derived from the latency 
of onset of the late negative swing appearing during a tetanus (e.g. 
Fig. J, IJ, B, C, F, and @), and from the onset of LN in a single response 
in ganglia in which the recorded P potential has been abolished or made 
- small in relation to the LN potential (Eccles, 19526, see Figs. 13, 14). 
Such a long latency, coupled with a much longer duration, suggests that 
the different post-synaptic receptor sites postulated for mediating LN are 
either (a) located on the ganglion cell at some distance from the place of 
ACh release, or (b) that the ACh released at the preganglionic terminals is 
not immediately available for diffusion into the space outside the primary 
subsynaptic regions (perhaps because of slow release from the bonds with 
the N receptors and/or because of diffusion barriers). There is in the 
present work no evidence as to whether such LN receptors are present on 
all ganglion cells rather than only on special ones, nor any evidence as to 
their location on the ganglion cell with respect to the various parts of the 
neurone. 

The proposed mechanisms have been summarized by, a diagram in 
Fig. 7. Preganglionic impulses arriving at endings on the ganglion cells 
release ACh. This reacts with immediately subsynaptic sites on the post- 


synaptic membrane to elicit the primary depolarizing synaptic response, 


the N potential; these sites are readily blocked by curariform agents but 
- not by atropine in low concentrations. When this ACh diffuses away from 
the primary subsynaptic regions either before or after temporary binding 
with the N receptor sites, it may encounter and become bound to LN 
receptor sites, located on this or perhaps on adjacent ganglion cells, with 
the consequence of a slowly arising and long-lasting depolarization, the 
LN potential. The binding of ACh at LN receptor sites is relatively quite 
insensitive to curariform agents (in fact these seem to facilitate the LN 
response) but it is highly sensitive to blocking by atropine. Other pre- 
_ ganglionic terminals at the chromaffin cells also release ACh. In contrast 
to the N receptor sites on the ganglion cells, the post-synaptic sites on the 
chromaffin cells are very sensitive to atropine block, rather than to 
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curariform agents. Upon adequate excitation by the ACh released, the 
chromaffin cell ‘secretes’ adrenaline. The diffusing adrenaline encounters 
‘P’ receptor sites on ganglion cells in the vicinity. This interaction results 
in changes tending to hyperpolarize the ganglion cell membrane, pro- 
ducing the P potential. The action of adrenaline at the P receptor sites 
is prevented by dibenamine. | 

The depression of the LN potential by low concentrations of diben- 
amine, although relatively less pronounced than the effect on the P poten- 
tial, remains a difficult point. Additional postulates could be made to 
explain this result, but would require further experimental evidence before 
being proposed. The negative results with the other anti-adrenaline drugs 
tested for effects on the P response present less difficulty. The relative lack 
of specificity of the ergot drugs and the variable actions of some sympa- 
tholytic drugs in different types of tissues or situations is well known 
(Goodman & Gilman, 1955). Consequently, a positive result with the more 
specific adrenergic-blocker dibenamine would seem to be more significant 
than negative results with other drugs in the group. 


Possible pharmacological significance of P and LN responses 

Pharmacologically the P and LN response mechanisms could be very 
important apart from the question of their physiological role, the analysis 
of which must await further evidence. Since both the P and LN responses 
possess sensitivities to blocking agents which are quite different from those 
of the N synaptic potential, it is quite conceivable that they may also be — 
uniquely activated by different drugs. The possible relationship of 
adrenaline-like compounds to the mechanism generating the P potential 
(and perhaps inhibition) has been discussed above. It is also possible that 
some drugs mimic the action of ACh at the postulated LN receptor sites 
in preference to the subsynaptic N receptor sites on ganglion cells; or they 
might mimic the action of ACh on the chromaffin cells, thereby affecting | 
the release of adrenaline by those cells. One would predict from the present 
analysis that the effects of such compounds could be blocked by atropine, — 
rather than by curariform or nicotinic drugs. A number of reports already 
in the pharmacological literature lend themselves to such an interpreta- 
tion, e.g. the reports that the excitatory effect of pilocarpine on sympathetic 
ganglia is prevented by atropine rather than by curare or hexamethonium — 
(Marazzi, 1939a; Trendelenburg, 1955). In any case it would seem profit- 
able to evaluate and test the mechanisms for the effects of various drugs 
on sympathetic ganglia in the light of the differential properties of the 
various synaptic potentials which have been examined in the present 


‘paper. 
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SUMMARY 


1. The characteristios of the slow positive (P) and late ‘aaa (LN) 
ganglionic potentials, which are prominent following tetanic stimulation 
_ of the preganglionic nerve of the curarized superior cervical ganglion, have 
been investigated. Different optima of thresholds, frequencies, and train 
durations were obtained for these potentials. 

2. Botulinum toxin progressively depressed not only the post-synaptic 
spike response but also the N, P, and LN synaptic potentials. ; 

3. Atropine in low concentrations could abolish the LN potential and 
strongly depress the P potential of curarized ganglia, with little effect on 
the N potential, i.e. the primary synaptic potential. 

4. Dibenamine could strongly depress the P potential and less strongly 
the LN wave, with no depression or an increase in the tetanic N potential 
and a relatively small depression of the single-volley N responses. 

5. The effect of an intravenous injection of adrenaline on ganglionic 
potentials was almost completely abolished by administration of diben- 
amine several hours earlier. 

6. Little or no effects were obtained from other drugs—ergotamine, 
di-hydroergotamine, LSD, and 5-HT. The chloro-analogue of isoproterenol 
produced a srong but non-specific depression of the N, P, and LN 
potentials. 

7. An hypothesis describing the synaptic origins of the ganglionic 
responses is developed in order to relate the various pharmacological 


actions to the events produced by the acetylcholine liberated from the — 


preganglionic terminals. 
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THE MEASUREMENT OF METABOLIC AND VASCULAR 
RESPONSES IN THE THYROID GLAND WITH 
OBSERVATIONS ON ITS RESPONSES TO 
INSULIN, GLUCOSE AND ADRENALINE 


| By F. 0. DOSEKUN 
From the Department of Physiology, University College, Ibadan, Nigeria 


(Received 25 January 1961) 
Grayson & Kinnear (1958) have extended the technique of internal 


calorimetry (Grayson, 1952; Carlyle & Grayson, 1956) to investigate 


problems of blood flow and metabolic heat production in solid organs. 
Dosekun, Grayson & Mendel (1960) have reported further investigations 
on human liver and rat skeletal muscle in which the validity of the tech- 
nique of internal calorimetry in the determination of metabolic heat pro- 
duction was established. 

The purpose of the present work was to apply this technique to the 
investigation of blood flow and heat production in the thyroid gland with 
particular reference to its carbohydrate metabolism. 


METHODS 


The technique of internal calorimetry has been previously described (Grayson, 1952; 
Dosekun et al. 1960). It depends on the thermo-electric measurement of thermal conduc- 
tivity by means of a heated thermocouple, to the heater circuit of which current is supplied 
in cyclic fashion as follows (Grayson & Mendel, 1957): 0-200 mA? for 24 sec, 0-600 mA? for 
17 sec, 0-315 mA? for 24 sec, no current for 17 sec. This cycle is continuously repeated by 
means of a cam-operated switch. The temperature changes induced in the thermocouple by 
this procedure were recorded ‘using a Cambridge D’Arsonval galvanometer, a light source 
and a recording camera. In all experiments the ‘cold junction’ was in the aorta. The 
calculation of thermal conductivity (8k) from the record has been fully described elsewhere 
(Dosekun et al. 1960). It has been shown previously that the difference between the thermal 
conductivity of living and dead tissue is a linear function of blood flow and in these experi- 
ments the function 5k has been taken to represent blood flow. 

Calculation of metabolic heat production. The temperatures of a heated thermocouple 
through which currents of 0-200 mA? and 0-315 mA? are passing are called lower equilibrium 
and upper equilibrium temperatures respectively. As already reported (Dosekun et al. 1960), 
the lower equilibrium temperature could be measured from the bottom of the paper to the 
lower point of inflexion on the photographic trace. Changes in lower equilibrium tempera- 
ture may be brought about by alterations in blood flow or by alterations in the temperature 
of the afferent blood; they may be brought about by alterations in local Sonam of heat 
loss or they may be the result of changes in local heat production. 

In the present experiments the ‘cold junction’ was situated in the aorta and changes in 
blood temperature were thus automatically compensated. The experiments were carried out 
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under conditions of constant temperature and humidity and changes in heat loss were a 
negligible factor. Alterations in lower equilibrium temperature were, therefore, due to a 
combination of blood-flow change and local heat production change. The calculation of 
thermal conductivity, however, allows a precise prediction to be made of the effect of 
blood-flow change alone on the lower equilibrium temperature. The difference between the 
actual recorded change and the change which ought to have occurred on the basis of this 
calculation has been designated ‘excess temperature’ and, as has been shown previously, 
may be used as an index of local heat production. 

Operative procedure. The animals used in this work were male and female common 
Nigerian domesticated dogs (Canis familiaris) weighing between 7 and 11 kg. Anaesthesia 
was induced by intraperitoneal injection of pentobarbitone sodium (Nembutal, Abbott 
Laboratories) 0-5 ml./kg body wt. and maintained by further intraperitoneal or intravenous 
injections of up to a maximum of | ml. once or twice during the experiment as required. 
A long median incision was made in the extended neck of the dog and the thyroid glands 
were located. The heated thermocouple was inserted into the right thyroid lobe through a 
needle in which a shallow gutter had been previously made; the needle was withdrawn, 
leaving the flexible recorder in situ. The recorder was then tied in position, care being taken 
not to occlude the superior thyroid artery. The ‘cold junction’, which served as the reference 
point, was mounted in a polyethylene tube of small cross-sectional area. This was introduced 
into the right brachial artery and passed along it until the ‘cold junction’ came to lie in the 
aortic arch, An intravenous cannula was tied into the left femoral vein and blood pressure — 
was recorded in the right femoral artery through a cannula connected to a mercury mano- 
meter and 'to a Wigger’s type optical capsule mounted inside the dark chamber of the 
recording apparatus. The thermocouples were connected to the recording apparatus and 
the experiment started. | 


RESULTS 


' Resting blood flow. It was observed in these experiments that spontaneous 
_ variations in resting 5k values occurred which in some experiments were 
small but in others large. For example, in one experiment the spontaneous 
5k variation was from 5-1 x 10-* to 0:71 x 10; in another experiment, the 
range of spontaneous change was from 4:3x10~* to 36x 10-*. Such 
spontaneous variation in resting 8k values made it difficult to assess the 
importance of small changes in blood flow in these experiments, therefore 
mean 8k values have been used to indicate the typical blood-flow change 
accompanying each type of experiment. | 

Glucose. The effect of glucose on thyroid blood flow and metabolic heat 
production was determined in ten experiments. Glucose was given through 
the intravenous cannula in the dose of 2g/kg body wt., being dissolved in 
40 ml. normal saline and slowly injected by means of an infusion machine 
which delivered at the rate of 0-5 ml./min. The changes in 65k values and 
calculated excess temperature are shown in Table | and a typical response 
is shown in Fig. 1. | 

It can be seen from Table 1 that the change in 5k values started within 
10 min of glucose injection; in eight experiments there was a considerable 
initial rise in 5& values ranging from 50 to 60 °% increase over the resting 
value. Only in two experiments was there an initial fall, of the order of © 
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1:7 and 5-6 % of resting 5k values. This was followed in all experiments by 
a rise to a maximum value in 40 min after the injection of glucose. The 
5k value then began to fall again, 45 min after glucose administration. 
A typical result is shown in Fig. 1A. 

In nine experiments there was a rise in the calculated excess temperature 
which varied in extent from 4-5 to 47-0 x 10-2°C. In only one experiment 
was there a fall of 21-6 x 10-2°C (Table 1). The effect of glucose on excess 
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Fig. 1. Typical effect of glucose (1.v. infusion): A, on blood flow (8k) and B, on 
metabolic heat production (excess temperature) in a dog’s thyroid gland. 


TABLE 1. The effect of glucose on thyroid blood flow and calculated excess 
temperature. Mean rise in blood glucose = 55 % + 2°10 


Blood flow 
Maximum 
Average 8k Average dk changein — Time to 
Average 10min 60min ©xcess maximum 
Expt. initial after after temperature effect 
no. 8k glucose glucose (°C x 10-2) (min) 
1 4-45 7°75 2-68 4-5 40 
2 0-31 1-36 1-39 28-0 45 
3 9-0 13-40 2-10 42-0 50 
4 1-5 3-0 0-38 20-2 38 
5 1-2 3°5 1-05 17-0 36 
6 3-0 22-8 0-36 47-0 45 
7 5-35 5-05 3-2 — 21-6 40 
8 0-41 0-95 1-1 26:5 50 
9 1-88 2:37 2-9 7-0 56 
10 3°42 3-36 1-37 45 
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temperature sometimes started quickly, but always within 25 min of the 
injection of glucose, and peak values were reached 60 min after the start 
of the experiment. In all these experiments the quantity of glucose given 
(2g/kg body wt.) increased the blood glucose level wad @ mean value of 
55 % + 2-10 of mean). 


Insulin 


6 kx 1074 
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Fig. 2. Effect of insulin (I.v. injection): A, on blood flow (8k) and B, on metabolic 
heat production (excess temperature) in a dog’s thyroid gland. 


> 

Insulin. The effect of insulin on thyroid blood flow and metabolic heat 
production was determined in seven experiments. 3 i.u./kg body wt. of 
insulin (insulin A.B., British Drug Houses, Ltd., 40 i.u./ml.) was given 
intravenously. The changes in 5k values and the calculated excess tempera- 
tures are given in Table 2 and the pattern of a typical response is shown — 
in Fig. 2. 

In five experiments there was no change in 5k values, but in two 
experiments there was a fall of 25 and 35% of the initial mean 5k values 
respectively. In all seven experiments insulin or" a fall in the outou 
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lated excess temperatures (Table 2) which varied in extent from —7-1 to 
~ 42 x 10-2°CO. The fall in excess temperature occurred within 5 min of the 
injection of insulin, the temperature remaining depressed in all the experi- 
ments for 60 min. Figure 2 shows.a typical experimental result. There was 
a mean fall of 50% + 1-30 in blood glucose in these experiments. 


TaBLE 2. The effect of insulin on thyroid blood flow and calculated excess 
temperature. Mean fall in blood glucose = 50% + 1:30 


Maximum 
changes in Time to 
excess — 
Expt. _— in temperature ect 
on (°C x 10-*) (min) 
1 Nil — 71 45 
2 Nil —11-2 50 
3 Nil — 42-0 48 
4 19-2—12-5 —17-0 60 
5 18-3—-13-3 — 29-0 48 
6 Nil — 15:2 60 
7 Nil — 16-2 60 


Glucose and insulin. In six experiments the effect of giving glucose and 
insulin simultaneously was investigated. An intravenous infusion of glucose 
and insulin was given, in the dose of 1g glucose plus liu. insulin/kg 
body wt. Table 3 shows that there was first a rise and then a fall in 5k values 
in all the experiments except one, in which there was a fall in dk value 
throughout the time allowed for the experiment to run. Although the 
5k changes were variable to the extent shown in the table, there was 
always a fall in excess temperature which ranged in extent from — 12-9 to 
— 56-0 x 10-*°C. The changes in a typical experiment are shown in Fig. 3. 
The changes in excess temperature took the form of an initial increase 
within 5 min of the infusion of glucose plus insulin, which was maintained 
for 15 min before a fall which reached a minimum level 35 min after the 
administration of glucose plus insulin. The excess temperature then rose 
to normal within 15 min of maximum fall. On the other hand, the blood 
flow rose within 10 min of the injection of glucose plus insulin and fell to 
_ @ minimum level within 60 min. In five experiments there was no dif- 
ference between the resting blood glucose values and those after the 
injection of glucose and insulin, whereas in one experiment there was a 
rise of 30-3 % + 2-45, 

Adrenaline. In eight experiments adrenaline was infused intravenously 
in the dose of 8 g/min, in order to investigate the effect of adrenaline on 
the rate of blood flow and heat production of the thyroid gland. In four 
of these experiments there was an increase in mean excess temperature 
ranging in extent from 0-05 to 31-3 x 10-?°C and in the others a fall in 
mean excess temperature ranging from —2-9 to —38-0 x 10-2°C, These 
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Fig. 3.. The effect of glucose and insulin (1.v. infusion): A, on blood flow (3k) and 
B, on metabolic heat production (excess. temperature) in a dog’s thyroid gland. 


TaBiE 3. The effect of insulin combined with glucose on thyroid blood flow 
and calculated excess temperature 


Blood flow 
Average 5k Average 5k Maximum Ave 
10 min 60 min change Time to bl 
Ave after after in excess © maximum _— glucose (% 
Expt. initi glucose ‘glucose temperature effect of resting 
_ no. 5k insulin insulin (°C x 10-*) (min) level) 

4-00 7-90 1-48 — 28-8 40 No change 
1-57 7-00 3 | — 12-9 45 No change 
5-35 3°51 3-96 — 33-0 60 30-3 + 2-45 rise 
0-41 1-20 1-60 — 56-0 40 No change 
1-88 3-08 3°52 ~~ 40°5 48 No change 
3°42 1-71 1-90 — 49-2 52 No change 
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results are shown in Table 4 and a typical result is shown in Fig. 4. In all 
these experiments it can be seen that there was a constant fall in 5k value, 
which in some experiments is of considerable magnitude. There was no 
change in blood glucose level in any of these experiments. 


x10 


Excess temp. (°C 107) 


Adrenaline 


10 20 30 40 ae 60 70 
Time (min) a 
Fig. 4. The effect of adrenaline (1.v. infusion): A, on blood flow (8k) and B, on 
metabolic heat production (excess temperature) in a dog’s thyroid gland. 


TABLE 4. The effect of adrenaline on thyroid blood flow and calculated excess 
temperature. No change in resting blood glucose level 
Change in Time to 
mean excess maximum 


Expt. | aie in temperature effect 
no. 8 (min) 


from to 
1 4:45 3:45 40 
2 0-31 0-15 —9-1 45 
3 9:00 2-11 — 2-9 ip 
4 1-50 0-25 —12-6 
5 1:80 0-4 — 38-0 60 
6 300 0-4 50 
7 4:00 0-9 +8-0 40 
8 1:60 0-3 +0-05 45 
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DISCUSSION 


The application of internal calorimetry to the study of blood flow and 
heat production in internal organs has been fully validated (Dosekun et al. 
1960). In the present work the methods were applied to the thyroid gland 
mainly with the object of investigating its blood flow and metabolic heat 
production in relation to its carbohydrate metabolism. 

The effect of maintaining a raised blood glucose level was to. produce 
initial marked increments in blood flow, accompanied by marked incre- 
ments in metabolic heat production. The blood flow then fell within 45 min 
of beginning glucose infusion. The present. work gives little indication as 
to the mechanism behind these effects. It is tempting to regard the in-: 
creased blood flow as secondary to the metabolic effect. Against this, how- 
ever, is the observation that when glucose and insulin were combined and . 
blood glucose changes reduced to a minimum, metabolic heat production 
fell but the blood flow changed in much the same way and to a similar 
extent as when glucose was administered alone. It is therefore difficult to 
relate the blood-flow changes to blood glucose levels. 

The elevation of heat production with glucose is also difficult to account 
for and the present work gives no clear indication of the metabolic pro- 
cesses which might be involved. In both liver and muscle raising the levels 
of blood glucose had the opposite effect, metabolic heat production being 
inhibited in the presence of high levels of blood glucose. 

Insulin alone had no measurable effect on thyroid blood flow even in 
the comparatively large doses in which it was given in these experiments ; 
but in every case it produced a marked depression of metabolic heat 
production, which occurred soon after the injection of insulin and con- 
tinued till the end of the experiments. This lowering of heat production 
might be regarded as either secondary to the hypoglycaemia produced by 
insulin or as a direct action of insulin within the glandular cells. However, 
in the experiments where insulin infusion was combined with glucose and 
the blood glucose level was thus prevented from changing, the result was 
still a depression of metabolic heat production. It must be concluded, 
therefore, that insulin has a direct and rapid depressive action on metabolic 
heat production within the thyroid gland. In other tissues such as liver, 
muscle and brain, the initial effect of insulin, even in the presence of low 
blood glucose levels, was to enhance heat production and only when 
hypoglycaemia was very prolonged was this effect superseded by a 
depression. 

It might be considered that these effects are related to adrenaline release. 
In the present experiments, however, adrenaline had’ no consistent effect 


on metabolic heat production. It epcecaid lowered blood flow, and 
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since blood pressure rose it must be regarded as vasoconstrictor to the 
thyroid blood vessels. 

It is clear that, in regard to insulin and carbohydrate metabolism, 
striking differences exist between the thyroid gland and the other tissues 
referred to above. It might be relevant to suggest that in liver and muscle 
glycogen break-down has been related to heat production effects (Dosekun 
et al. 1960). There is strong evidence to suggest even in the brain the 


existence of some substrate usable for the local formation of glucose. It is 


likely, however, that in the thyroid gland there is no such readily available 
substrate, either in the form of stored glycogen or any other form, and 
that the present findings are explicable on the basis of a direct dependence 
of the gland on blood glucose levels. On the present evidence, however, 
this cannot be more than speculation and a complete elucidation of the 
problem must await further investigation. : 


SUMMARY 
1. The technique of internal calorimetry has been used to investigate 
the metabolic heat production and blood flow of the thyroid gland. 


2. Insulin has been found to depress the metabolic heat production of | 


the thyroid gland without any effect on its blood flow. 

3. Glucose has been found to increase both the heat production and 
blood flow of the thyroid gland. 

4. The effect of adrenaline on blood flow changes has been shown to be 
that of vasoconstriction but its effect on metabolic heat production is 
inconsistent; sometimes a rise, at other times a fall being caused by 
adrenaline. 

5. The probable influence of insulin and glucose 6: on the carbohydrate 
metabolism of the thyroid gland has been discussed. 

6. A comparison has been made between the effects of glucose and 
insulin on the thyroid, liver, muscle and brain and it is clear that in regard 
to heat production, these substances produce different effects in the thyroid 
gland, liver and muscle. As regards blood flow changes, the effect of glucose 
on the three tissues is similar whereas they differ with insulin. 
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It has long been recognized that the muscle spindle is composed of 
muscle fibres of large and small diameter (see e.g. Sherrington, 1894; 
Cuajunco, 1927, 1940), but the claim that the fibres branch in their 
course through the spindle has been a matter of controversy. Branching 
was held to occur by the majority of workers from Weismann (1861) to 
Denny-Brown (1928), though it is probable that many of the earlier claims 
were prejudiced by a belief that spindles served as centres of muscle 
growth. According to Sherrington (1894) and Ruffini (1898), large ‘parent’ 
. fibres in the proximal pole of the spindle split longitudinally to form 
smaller ‘daughter’ fibres, which course through the equatorial region to 
taper off as long tendinous filaments in the distal pole. However, Batten 
(1897) and recently Higgqvist (1960) maintain that branching in one 
pole is followed by reuniting of the fibres in the other. Forster (1894) 
holds that the branching and reuniting of fibres occurs throughout the 
length of the spindle, and Cilimbaris (1910) adds that they also anas- 
—tomose so as to form a syncitial network in the equatorial region reminis- 
cent. of cardiac muscle. Against this it has been urged (Baum, 1900; 
Cuajunco, 1927, 1940; Barker, 1948; Gray, 1957; Boyd, 1958; Cooper, 
1960) that intrafusal fibres remain single, and that the tapering of short 
fibres alongside longer ones may have been mistaken for instances of 
branching. At a preliminary stage of the present study we became con- 
vinced that branching does occur, and it appeared to us that Forster’s 
observations were correct (Barker, 1959). Further investigation, however, 
led us to the conclusion that branching is mainly exhibited by the small 
intrafusal fibres (Barker & Gidumal, 1960), and Boyd (1960), reversing 
his earlier opinion (1958), arrived at a similar conclusion. The present 
paper deals with this matter in detail. 


METHODS 

We have made the majority of observations on spindles from the rectus femoris muscle 

of the cat, but have also examined spindles from the teres minor, sternohyoid, 7th internal 

intercostal, tenuissimus, and vastus lateralis muscles of this animal. The bulk of the 
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material was embedded in paraffin, cut serially and transversely at 12, and stained with 
haematoxylin and eosin. The muscles were fixed in situ in either Bouin’s or Zenker’s fluid, 
and were subsequently dissected out in either 70% alcohol or water according to the 
fixative employed. Other material studied included longitudinal paraffin sections; trans- 
verse celloidin, ‘Nonex’, and frozen sections; teased gold-chloride preparations (Gairns’s 
method); and macerated preparations in which either nitric acid, gastric juice, or collagenase 
was used in an endeavour to dissociate the intrafusal muscle fibres. In the application of 
these various methods observations were made on 246 spindles, of which twenty were of the 
tandem type, but of this total the most detailed information was obtained from the graphic | 
reconstruction of thirty-two spindles (including three tandems) cut in serial transverse 
section. In the first five reconstructions, camera lucida drawings of the sections were made 
at magnifications of x 430 or x 600. Initially every section in a series was drawn, but this 
was later reduced to every fifth 12 ~ section when it became evident that the complete 
process of fibre branching occupied a length of 60-90 ». When branching was detected, 
however, every section in that part of the series was drawn, The drawings were then con- 
verted into a projection-plan of the spindle, at the same magnification, in which the intra- 
fusal bundle is presented as if divided sagittally and the fibres in each half arranged in a 
horizontal plane. In reducing these projection-plans to more manageable dimensions, the 
length of the fibres was accurately represented but their width exaggerated. In recon- 
structions of twenty-seven further spindles sketches of every fifth section were substituted 
for camera lucida drawings, and projection-plans made with the aid of these and measure- 
ments of the lengths and diameters of the individual fibres. The diameters of fibres that 
were not circular in section were recorded as the average of their maximum and minimum 
widths. In a few selected instances where the bifurcation of a fibre could be demonstrated to 
the best advantage, serial photographs were taken using an oil-immersion objective. 


RESULTS 


The intrafusal bundle in single spindles from rectus femoris consists 
of a group of four to twelve muscle fibres in which those of small diameter 
and short length usually predominate over those which are larger and 
longer. Constant features of the bundle are its encapsulation, suspension 
in a lymphatic space, and changes in nucleation which occur in the equa- 
torial region associated with the sensory innervation. The location 
of this region appears to be related to the position of the spindle in the 
muscle, and the polar regions on either side of it are usually of unequal 
length (Barker & Ip, 1961). There is no constant feature which is charac- 
teristic of one pole and not the other, but it is convenient to designate 
them as proximal and distal with respect to their orientation with the 
origin and insertion of the extrafusal muscle bundles. We regard a polar 
region of a muscle spindle as extending from the juxta-equatorial region 
to the furthest extremity of the origin or insertion of the muscle fibres 
composing it. However, the term ‘spindle’ is sometimes restricted by 
others to include only that part of the muscle bundle invested by the 
capsule, the polar extremities being regarded as coincident with the 
capsular extremities: Thus Higgqvist (1960) describes muscle fibres as 
entering or emerging from the spindle at one or other pole, and dis- 
tinguishes between their extra- and intrafusal course. This can only lead 
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to confusion in view of the wide use of the term ‘spindle’ to denote the 
whole proprioceptor. Tandem spindles may be regarded as consisting of 
a number of single spindle units connected together by a few intrafusal 
fibres of large diameter which run a continuous course through the suc- 
cessive encapsulations. 
The two main types of intrafusal muscle fibre present in all spindles 
are those which are large and long and possess the characteristic nuclear 
bag and myotube regions described by Barker (1948), and those which are 
small and short with a single central row of nuclei in the equatorial region 
(the nuclear-chain fibres of Boyd, 1960). Both length and diameter 
measurements of the fibres composing the intrafusal bundle are therefore 
bimodal. However, in some spindles there are fibres present whose 
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Text-fig. 1. A. Mid-polar diameter histograms of a sample of 142 muscle fibres 
belonging to 18 single and 2 tandem spindles from the rectus femoris muscle of a 
2 kg cat. The histogram on the left is broken down on the right in terms of the 
94 small, 8 intermediate, and 40 large fibres in the sample. B. Diameter histogram 
of a random sample of 150 extrafusal muscle fibres from the same muscle. Measure- 
ments made on Zenker-fixed transverse paraffin sections. 


characteristics make it necessary to recognize a third type. which we shall 
designate as intermediate. In a sample of eighteen single and two tandem 
spindles from the rectus femoris muscle of a 2 kg cat (C 50), there were 
ninety-four small, forty large, and eight intermediate fibres whose mid- 
polar diameters were 4-124 (mean 7-5), 12-264 (mean 16-9), and 
10-16 (mean 12-6) respectively (see Text-fig. 1). The diameter range 
of a random sample of 150 extrafusal muscle fibres from the same muscle 
was 20-58u (mean 35). The length of intrafusal fibres is such that 
the small fibres may be about half as long as the large ones. In ten single 
rectus femoris spindles 7-5-8-5 mm long, the length range of thirty-five 
small fibres was 4-0—6-1 mm, of seventeen large fibres 7-0-8-5 mm, and 
of five intermediate fibres 6-4-7:8 mm. 
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From one to three, usually two, large fibres are present in all spindles. 
They tend to retain the same position in the intrafusal bundle, and do 
not branch. Their diameter undergoes little change except at the extreme 
ends, where tapering occurs, and in the myotube regions, where there is 
typically a decrease of two or three microns. The small fibres also narrow 
down in the equatorial region, their diameter becoming little more than 
that of each vesicular nucleus in the nuclear chain. About one in five 
bifureates, and the two fibres produced often reunite. If parent fibres 
only are counted, the number of small fibres present in a spindle is from 
one to eight, and is usually four or five. Their position in the intrafusal 
bundle undergoes frequent changes as they twist among themselves 


and cross over the large fibres. The intermediate type of fibre resembles 


the large in that it possesses nuclear-bag and myotube regions, but the 
bags tend to have smaller aggregations of vesicular nuclei, and the myo- 
tube regions show a more pronounced decrease in diameter. In the polar 
regions their variation in diameter is such that in isolated transverse 
_ sections they may easily be taken for small fibres (cf. Pl. 1, figs. 2 and 5, 
fibre a). They also tend to change their position in their course through 
the intrafusal bundle. About one out of three spindles possesses fibres 
of this type; usually only one is present, never more than two. They 
occasionally bifurcate; in one exceptional case the fibres produced were 
observed to reunite. While these fibres are of medium size in the intrafusal 
fibre diameter spectrum, a medium-sized fibre is not necessarily of the 
intermediate type; the equation of fibre size with fibre type in our 


preliminary note (Barker & Gidumal, 1960) was thus an over-simplifica- _ 


tion. 

In the process of bitceation, as seen in optimum transverse sections 
(see Pl. 1; Pl. 2, figs. 1-9), a small or intermediate-type fibre loses its 
circular contour and increases in size to assume an oval shape. This be- 
comes constricted into the form of a figure of eight before finally splitting 
into two. The complete process occupies a distance of 60-90. In the 
reuniting of small fibres the reverse sequence occurs. The two fibres 
produced by branching are usually unequal in size but their combined 
diameters are initially equal to that of the parent fibre. After a short 
distance, however, both fibres increase in diameter, the larger of the two 
regaining the diameter of the parent fibre. For example, a small fibre 8. 
in diameter will typically branch into two fibres which initially measure 
5 and 3u in diameter, and subsequently increase to diameters of 8 and 


5u. The identity of the parent fibre thus tends to be retained after division. 


This is particularly marked in the case of the intermediate type fibres 
which branch, for when the fibres produced pass through the equatorial 
region the larger of the two has a nuclear bag and myotube region while 
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the other has a nuclear chain (see Text-fig. 2; Pl. 2, figs. 1-9). Bifurca- 
tion, with the branches running towards the equatof, occurs in the proximal 
pole or in the proximal part of the equatorial region; in tandem spindles 
it occurs in the equivalent parts of the single spindle units that are linked 
together. When small fibres branch, the fibres produced may either 
continue through the intrafusal bundle and taper off, or reunite in the 
distal pole or distal part of the equatorial region. We have never observed 
a small fibre to give a distally directed branch in the distal pole, but in one 
instance an intermediate fibre gave rise in the distal pole to a short branch 
running away from the equator (see Text-fig. 4; and Pl. 1). The branching 
of intermediate fibres is easier to detect and to demonstrate owing to 
their larger size. It should be possible to obtain convincing evidence of 
branching from teased and dissociated material, but our attempts to do 
so have so far proved unsuccessful. 

The process of branching or reuniting is quite distinct from the con- 
dition where one fibre tapers off alongside another (see Pl. 2, figs. 10-13). 
Tapering takes place over a distance of several hundred microns, the 
shortest length being about three times that occupied by branching or 
reuniting. A fibre tapers off usually over a distance of 300-500y, but 
distances of up to 8004 may occur. The shortest tapering lengths tend to 
occur within the polar regions at the ends of the small fibres, while at the 
extremities of the spindle the larger fibres taper off as longer tendinous 
filaments. In transverse section tapering is marked by a progressive loss 
in diameter, and ultimately by a loss of circular contour and myofibril 
content. The final tendinous wisp of a small fibre usually merges with the 
endomysium of a larger fibre or the axial sheath, and the ends of the 
larger fibres merge with either tendon, aponeurosis, perimysium, or the 
endomysium of neighbouring extrafusal fibres. 

In transverse section some of the muscle fibres composing the intra- 
fusal bundle may exhibit Kriiger’s (1952) ‘Fibrillenstruktur’, others a 
‘Felderstruktur’ (fibrillar and areal patterns of Gray, 1958). However, 
it is not possible to relate structural pattern categorically to fibre type, 
since the pattern does not remain the same throughout the length of each 
fibre. For most of their length all fibres are fibrillar, and the fibrillar 
pattern is evident in regions where branching or reuniting occurs. The 
areal pattern may occur sporadically in the polar regions, but it is charac- 
teristic of the juxta-equatorial regions. When there is a change from the 
fibrillar to the areal pattern it usually occurs in the majority of the fibres 
in the intrafusal bundle. Each fibre is usually areal for part of its length, 
the total distance amounting to several hundred microns, seldom more 
than 1 mm. In fibres of the large and intermediate types this forms only a 
small part of their total length so that their structural pattern is predomi- 
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nantly fibrillar. In small fibres the ratio of areal length to fibrillar length 


is higher, owing to their shorter total length, and by comparison with the 
large fibres they give the impression of being predominantly areal. How- 
ever, the areal portions of small fibres seldom exceed 35% of their total 
length, and the percentage is often considerably less. Boyd (1960) 
implies that large fibres are exclusively fibrillar and small fibres exclusively 
areal, but we have never observed this condition. It may be significant 
that the areal pattern appears to be most prevalent in the juxta-equatorial 
regions of the spindle where the motor innervation tends to be most 
profuse. If fibrillar and areal patterns are indicative of fast and slow 


TaBiE 1. Number and nature of muscle fibres belonging to eighteen spindles 
from cat rectus femoris 
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contraction, as Kriiger (1952) maintains, the quickness or slowness of in- | 


trafusal muscle fibres must be a matter of degree, for in the individual 
fibre the two patterns are not mutually exclusive. In this connexion it may 
be noted that Kriiger’s observations on the structural pattern, of extra- 
fusal muscle fibres were made on individual transverse sections, no fibres 


being traced throughout their length; the same is true of Gray’s (1958) 
study of frog muscle. 


The number and nature of the muscle fibres belonging to eighteen 


spindles traced in transverse sections of the rectus femoris muscles of 
four adult cats are shown in Table 1. There are eighty-six small fibres 
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in the sample, of which seventy-one are single, and fifteen, or 17-4%, 
bifurcate. Intermediate fibres occur in ten spindles, there being a total 
of eleven in the sample, of which two show branching. One of these is 
exceptional in that the fibre branches twice, reuniting almost immediately 
after the first bifurcation before branching again; this sequence is shown 
as br (1) and bt 1 in the Table (see C63). In six spindles all the fibres are 
single, an intermediate fibre being present in three of them. A total 
of 130 single and parent fibres belong to the seventeen single spindles, 
an average of seven per spindle; if the fibres produced by branching are 
taken into account the total is 147, and the average eight. The tandem 
spindle in the sample is of the double kind and accounts for a maximum 
total of sixteen fibres, double the maximum average fibre content of a 
single spindle. 

Many of the features of intrafusal muscle fibres so far described are 
illustrated in Text-fig. 2, which is a diagrammatic analysis of the intra- 
fusal bundle of a single rectus femoris spindle consisting of one large, one 
intermediate, and’ seven small fibres.. In Text-fig. 2A the muscle fibres 
are arranged schematically side by side and enclosed within square 
brackets representing the equatorial encapsulation. The length of this 
region, in this and other figures, corresponds with the equatorial limits 
of the periaxial space (cf. Barker & Ip, 1961). The scale used for the 
width of the muscle fibres is ten times that used for length. Variation 
in muscle fibre diameter is shown on the basis of measurements taken 
at intervals of every fifth 12 serial transverse section, and the distribu- - 
tion of areal, as opposed to fibrillar, pattern is indicated by shading. 
The small fibres remain single throughout their lengths, which range from 
approximately two-fifths to three-quarters the length of the large fibre. 
The intermediate fibre (A) branches twice in the proximal pole. The first 
bifurcation is the exceptional one already noted in Table 1, and results 
in two fibres of similar diameter, which rejoin after a brief course of 72. 
The second bifurcation occurs 360y further on and is the one illustrated 
in Pl. 2, figs. 1-9. Of the two fibres produced, one (a) displays typical 
characteristics of an intermediate fibre in that its diameter is variable 
and the equatorial nucleation consists of myotube regions and a small | 
nuclear bag, while the other (a’) has the characteristics of a small fibre 
in both diameter and equatorial nucleation (see Pl. 2, figs. 6-8). The 
distribution of fibrillar and areal structure in the fibres illustrates the 
typical prevalence of the areal pattern that occurs in the juxta-equatorial 
regions. In this spindle the nuclear bags and chains lie towards the distal 


end of the equatorial region, as is often the case. In Text-fig. 2B the _ 


spindle is shown in schematic projection-plan in order to illustrate the 
change of position of fibres in their course through the intrafusal bundle ; 
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Text-fig. 2. Diagrammatic analysis of a single rectus femoris cat spindle com- | 
prising one large fibre (L), one intermediate fibre (A) bifurcating into a and a’, and 
seven small fibres (1-7). A. Each fibre’s length and level of origin and insertion is 
accurately shown, but scale used for width is x 10 that used for length. Diameter 
variation is shown on basis of 60» interval measurements; stippling indicates areal, 
as opposed to fibrillar, pattern. B. Projection-plan and three schematic trans- 
verse sections illustrating changes of fibre position; scale applies to plan only, scale 
for fibre width being x 8 that for length. Fibre diameters standardized as.17 p large, 
13 intermediate, 8 small; In both A and B square brackets indicate limits of 
equatorial encapsulation; nuclei schematic, but length of each nucleated region 
accurate. Compare with Pl. 2, figs. 1-9. 
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the appearance in transverse section is shown diagrammatically at three 
key levels alongside. The sinuous course of the small fibres, and the stable 
course of the large, are typical. 


: Proximal 


1mm 


| 
| 
A i B Distal 


' Text-fig. 3. Schematic diagrams of the fibres composing three single rectus femoris 
cat spindles. Large fibres white, intermediate fibres stippled, small fibres black. 
Fibre diameters standardized as in Text-fig. 2B, and shown on a scale x 10 that 
used for length. Square brackets indicate limits of equatorial errs 
nuclei schematic but length of each nucleated region accurate. 


As a further illustration of the composition of the intrafusal bundle of 
single spindles, the muscle fibres of three spindles from rectus femoris 
are drawn in stylized form, side by side, in Text-fig. 3 A—C. An inter- 
mediate fibre is present in spindles A and C, but not in B. In A all the 
fibres are single, while in both B and C a small fibre bifurcates, and another 
_ bifurcates and reunites. Spindles B and C provide good examples of how 
the composition of the intrafusal bundle fluctuates at different levels 
owing to the different lengths of the fibres composing it and the occur- 
rence of branching and reuniting. The maximum number of fibres is 
always present at mid-equatorial level. 
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Finally, in Text-fig. 4 a tandem spindle is illustrated in schematic 
projection-plan, the equatorial encapsulations being indicated as dia- 
grammatic fusiform swellings. The tandem is of the typical double type 
described by Barker & Ip (1961), consisting of a small capsule enclosing 


Proximal pole Small spindle unit Distal pole 


— 


Tandem linkage d Proximal pole 


~~ 
d 
Distal pole b f 


- Text-fig. 4. Projection-plan of double tandem spindle from cat rectus femoris shown 
as if cut into four portions. Large fibres white, intermediate fibres stippled, small 
fibres black. Scale applies to fibres only; scale for width x 2 that for length, and 

_ diameters standardized. Equatorial encapsulations indicated as fusiform swellings ; 
nuclei schematic, but length of each nucleated region accurate. Full description 
in text. Photographs of the bifurcation of fibre b are shown in Pl. 1. 


a few muscle fibres linked, by two large fibres, to a large capsule in which 
the fibres are more numerous. In the small spindle unit four single small 
fibres accompany the two continuous large ones; the equatorial nucleation 
of the fibres is characteristically sparse and comprises three nuclear chains 
and three fibres in which polar nucleation is retained. In the large 
spindle unit, the large fibres are accompanied by two intermediate 
fibres (a and 6) and four small (c-f). Fibre a remains single while 6 
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branches in the distal pole to produce a short branch b’: it is this bifurca- 
tion that is illustrated in Pl. 1. Of the four small fibres, three branch 
(c, d, and f), while e remains single: none of the branching fibres reunite. 
Owing to differences of fibre length, and to branching, the numbers of 
fibres composing the large spindle unit, as counted at one-millimetre 
intervals from the proximal polar extremity to mid-equatorial region, 
increases in the progression 3, 7, 8, 9, 11. The equatorial nucleation com- 
prises four nuclear bag and myotube regions belonging to the large and 
intermediate fibres, and seven nuclear chains. The stable position of the 
large fibres, and the changes in position of the small and intermediate 
fibres, are represented as accurately as possible. 

It occasionally happens that a few extrafusal muscle fibres run a parallel 
course with a spindle and become enclosed within the capsule together 
with the intrafusal bundle. Baum (1900) and Cooper (1960) have made 
similar observations. On the rare occasions when this occurs the intra- 
fusal and extrafusal fibres are always segregated in separate capsular 
compartments. In common with Haiggqvist (1960), we have not observed 
supplementary bundles of intrafusal muscle fibres joining the spindle by 
penetrating the equatorial encapsulation as described by Cilimbaris (1910). 


DISCUSSION 


The branching of intrafusal muscle fibres has long been a matter of 
dispute, partly because of the intrinsic difficulties of demonstrating 
it, and partly because of inadequate histological methods employed. For 
example, the practice of selecting sections at regular intervals in a 
transverse series and discarding the rest is a severe handicap to drawing 
any valid conclusion. A fibre branches within the space of a few trans- 
verse sections covering 60—90y, so that gaps in a series of e.g. 85 (Swett 
& Eldred, 1960) are unlikely to reveal the process. Pronouncements 
made on the basis of studying serial longitudinal sections and teased gold- 
chloride preparations (e.g. Barker, 1948), or methylene blue preparations 
(e.g. Gray, 1957), are also of little significance for it is extremely difficult 
to trace individual members of the intrafusal bundle with certainty for 
any considerable length in such material. Dissociating methods also, in 
our experience, give equivocal results. The only adequate approach is to 
trace a fair sample of spindles from end to end in a complete series of 
transverse sections cut exactly at right-angles to the axis of muscle fibre 
orientation. Even in such material the small fibres, in particular, are 
often difficult to trace, and the chances of error are greater, for example, 
than in tracing nerve fibres of equivalent dimensions. The changes of 
diameter, position, and number of fibres in the intrafusal bundle, inter- 
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mixed with a profusion of nerve fibres and nuclei, often present a complex 
picture in which several interpretations are possible, and our present 
position has only been attained gradually, the stringency of criteria and 
rejection of ambiguities increasing together with sampling and with tracing 
practice. It is satisfactory to note that our results correspond in many 
ways to those presented by Boyd (1960). We differ mainly in recognizing 
an intermediate type of fibre, and in maintaining that branching fibres 
may reunite. It is possible that the rare branching of nuclear-bag fibres 
noted by Boyd occurred in fibres that we would classify as intermediate. 
While the bimodal distribution of the diameters of intrafusal muscle 
fibres is now firmly established (see e.g. Walker, 1958; Boyd, 1960; Swett 
& Eldred, 1960), it is significant that Cuajunco (1927, 1940) recognizes 
fibres of large, medium, and small size in spindles from adult pig and 


human biceps brachii. In his earlier study of the pig he gives fibre dia- 


meters of 18 large, 124 medium, and 6yu small (adult, polar measure- 
ments), but in his later human study he records the diameters of large 
and small fibres only, noting that ‘the intermediate group varies between 
these two extremes’ (p. 123). He found that the large fibres were the 
first to arise in development; that the medium fibres arose from somewhat 
younger myoblasts grouped with the first; and that the small fibres 
were added later, either by the splitting of the original cells, or by the 
incorporation of new myoblasts. It seems probable that the additional 
intrafusal fibres are recruited from cells surrounding the large fibres 
in much the same way that the number of extrafusal fibres is generally 
held to increase in the later stages of development by new fibres arising 
in the neighbourhood of primary muscle fibres to form ‘primary’ muscle 
bundles (see J. D. Boyd, 1960). In fact, if the accounts of Tello (1922) 
and Cuajunco (1927, 1940) of spindle development are related to knowledge 
of extrafusal muscle fibre development, we may regard the intrafusal 
bundle as retaining many of the characteristics of a ‘primary’ extrafusal 
bundle in ¢gonsequence of the retardation of development that follows 


receipt of the primary afferent innervation. The branching of small and 


intermediate fibres that occurs in some adult spindles is presumably the 
result of fibres which, though arising from new cells, nevertheless bifur- 
cate during their subsequent growth. The factors which result in such 
branching in intrafusal bundles but not, apparently, in extrafusal ones, 
remain to be elucidated in future accounts of muscle development. 

An attempt to relate the innervation of the muscle spindle with the 
individual fibres in the intrafusal bundle has been made by Boyd (1958, 


1959). He maintains that the large muscle fibres are innervated by medium- 


sized efferents which form discrete end-plates of the typical extrafusal 
type, while the small muscle fibres are innervated by small efferents, 
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which form plates that are smaller and more variable in form. He has 
established the efferent nature of another type of ending which assumes 
the form of a diffuse and often extensive network; this is also, according | 
to him, located on the small muscle fibres. With regard to the afferent 
innervation, Boyd maintains that while the primary ending is common to 
both large and small muscle fibres, the secondary ending is located almost 
exclusively on the latter. Finally, he distinguishes between (1), ‘simple’ 
spindles with muscle fibres similar in diameter innervated by a primary 
ending and discrete end-plates, and (2), ‘compound’ spindles in which the 
small muscle fibres, innervated as he describes, are combined with the 
large. In this scheme there is thus provision for the two types of efferent 
behaviour of the spindle, whether these are both attributable to efferent 
fibres within the y range (Pascoe, 1958; Boyd, 1959; Boyd & Davey, 1959), 
or whether fast « fibres (Granit, Pompeiano & Waltmann, 1959) also play 
a part. It remains to be seen, however, whether further histological work 
will confirm this analysis. In the mean time the following points suggest 
that it may be premature to accept it: (i) While large muscle fibres are 
always present in the intrafusal bundle, many spindles occur in which 
medium-sized efferents, as judged by intramuscular diameter, play no 
part in the innervation (M. N. Adal & D. Barker, unpublished). (ii) In 


rectus femoris spindles, small muscle fibres are always present in the 


intrafusal bundle, and bimodality of muscle fibre diameter is always 
evident. (iii) If the properties of fast and slow muscle fibres may be re- 
lated to their fibrillar and areal pattern in transverse section, as Kriiger 
(1952) maintains, and if the supposition is correct that there are ‘twitch’ 
and ‘tonic’ mechanisms in the spindle, then one might expect the intra- 
fusal muscle bundle to consist of a combination of wholly fibrillar and 
areal fibres, but this is not so. Each fibre is both areal and fibrillar 
in varying proportions, but always predominantly fibrillar. Moreover, 
the application of Kriiger’s theory of mammalian muscle does not agree 
with physiological evidence (see Hunt & Kuffler, 1951), and Eyzaguirre | 
(1960) has failed to detect intrafusal responses in the cat which had the 
characteristics of slow fibres. (iv) The supposition that nuclear-bag — 
and nuclear-chain fibres constitute separate functional systems must 
take account of the fact that a nuclear-bag fibre of the intermediate type 
may bifurcate to produce a nuclear-chain fibre as a side branch. (v) The 
location of secondary endings almost exclusively on small muscle fibres 
is doubted by Barker & Ip (1961) in their study of single and tandem 
spindles in the cat. (vi) Boyd’s innervation analysis was made on gold- 
chloride and methylene blue preparations. In our experience, it is doubt- 
ful whether such material is adequate to permit the relation of spindle 
nerve endings to individual muscle fibres with certainty. We believe 
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that this information may best come from tracing a number of silver- 
impregnated spindles in serial transverse section, and this work is in 
progress. 
SUMMARY 
1. The morphology of the intrafusal muscle fibre in the cat was studied 


mainly in serial transverse sections, the most detailed information being — 


derived from graphic reconstructions of thirty-two spindles. The muscle 
most frequently used was rectus femoris. 

2. The intrafusal bundle of single spindles and tandem spindle units 
consists of four to twelve muscle fibres of which both length and diameter 
measurements are bimodal. 

3. Large, intermediate, and small types of intrafusal muscle fibres are 
recognized. The large fibres possess nuclear-bag and myotube regions, 
and are the longest; they do not branch. Their diameter (12-26), and 
their position in the intrafusal bundle, undergo little change. The inter- 
mediate fibres resemble the large but they occasionally branch. Their 
position tends to change in the intrafusal bundle and their diameter 
(10-16) undergoes considerable variation. The small fibres have a dia- 
meter of 4-12, and possess nuclear chains in the equatorial region. About 
one in five branches, and their position in the intrafusal bundle undergoes 
frequent change. | 

4. From one to three large fibres (usually two), and from one to eight 
small fibres (usually four or five) were present in all spindles; intermediate 
fibres (usually one, occasionally two) were present in about one third. 

5. The branching of a small or intermediate fibre takes place over a 
distance of 60-90. With one exception, this always occurred in the proxi- 
mal pole or in the proximal part of the equatorial region. The two fibres 
produced may either taper off, or reunite in the distal pole or distal part 
of the equatorial region. The process of branching or reuniting is quite 
distinct from the condition where one fibre tapers off alongside another; 
tapering usually occupies a length of several hundred microns. 

6. In the spindles studied all the muscle fibres were predominantly 
fibrillar, the areal structure occupying a minor proportion of their total 
length and being most typically present in the juxta-equatorial regions. 

7. Reasons are given which suggest that it may be premature to accept 


Boyd’s analysis (1958, 1959) of the innervation of the spindle in terms of 
the individual muscle fibres composing it. 
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EXPLANATION OF PLATES 


| 


Bifurcation of fibre b belonging to the double tandem spindle from cat rectus femoris shown 
in projection-plan in Text-fig. 4. Figs. 1 and 12 are camera-lucida outline drawings in which 
the large fibres are indicated by L, and the other fibres are lettered as in Text-fig. 4. Serial 
transverse 12, paraffin sections stained with haematoxylin and eosin; there is an interval 
of 3 sections between figs. 1 and 2, and between 4 and 5; 5 sections between figs.3 and 4; 
and 6 sections between figs. 2 and 3. Figs. 5-12 represent serial sections. In fig. 9 a crack is 
present in the bifurcating fibre 6 as an artifact just above the region of constriction. Note 
(i) fluctuation in diameter of the intermediate fibre a; (ii) fibrillar pattern of, e.g. fibres 
a and 6 as compared with areal pattern of, e.g. fibres d’ and f’; (iii) change in structural 
pattern of fibre d from areal in fig. 2 to fibrillar in fig. 11. 


PLATE 2 


Figs. 1-9. Bifurcation of fibre A belonging to the single spindle from cat rectus femoris 
shown in Text-fig. 2. Figs. 1 and 9 are camera-lucida outline drawings of the sections illu- 


strated in figs. 2 and 8 respectively, and the fibres are lettered and numbered as in Text- — 


fig. 2. Serial transverse 12, paraffin sections stained with haematoxylin and eosin; there is 
an interval of 6 sections between figs. 2 and 3; 2 sections between figs. 4 and 5; 75 sections 
between figs. 5 and 6; 8 sections between figs. 6 and 7; and 38 sections between figs. 7 and 8. 
Figs. 3 and 4 represent adjacent sections. Note (i) equatorial nucleation of fibres L, a, and a’ 
in figs. 6 and 7; (ii) narrower width of the intrafusal bundle and the fibres composing it in 
fig. 6; (iii) areal pattern of fibre L in fig. 2 as compared with its fibrillar pattern in fig. 8. 
Figs. 10-13. Tapering of a fibre ¢ alongside a longer fibre which does not alter in diameter. 
Sections and staining as above; there are successive intervals of 336 u, 120u, and 60y 
respectively between figs. 10 and 11, 11 and 12, and 12 and 13. Proximal pole of single 
spindle from cat rectus femoris. 
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COMPETITION FOR TRIIODOTHYRONINE BETWEEN SERUM 
- PROTEINS AND RED CELLS 
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It has been shown that the uptake of radioactive triiodothyronine (T 3) 
by red cells suspended in plasma can be used as a diagnostic test for 
thyrotoxicosis (Hamolsky, 1955). If radioactive T3 is added to a suspen- 
sion containing equal volumes of normal red cells and normal plasma, 
about 10% of the T3 becomes attached to the cells, If, however, the 
serum is taken from a thyrotoxic person (thyrotoxic serum) the uptake 
may reach 20%. In myxoedema, on the other hand, the uptake may fall 
to less than 5°%. Since the uptake of T3 by red cells has been shown to 
be due to reversible adsorption (Crispell & Coleman, 1956) it is generally 
assumed that the proportion taken up is determined by competition be- 
tween binding sites on the red cells and those on the proteins in the serum. 
As the high uptake of T 3 in thyrotoxicosis is due to an abnormality in the 
serum and not in the red cells, Hamolsky (1955) concluded that in thyro- 
toxic serum the binding power for T3 is diminished. 

T3 and thyroxine (T4) added to serum at low concentrations are 
bound by the same thyroxine-binding protein (TBP) (Deiss, Albright & 
Larson, 1953); 'PBP has also been shown to bind T4 more strongly than 
T3 (Larson & Albright, 1955). It might, therefore, seem reasonable to 
stppose that the rise in the goncentration of thyroxine that occurs in 
thyrotoxicosis would reducd the amount of T3 capable of being bound 
by the serum, and so lead to an increase in the uptake of T3 by the red | 
cells. However, several workers have rejected this explanation of the — 
red cell test on the grounds that normal serum enriched with T4 does 


_ not behave like thyrotoxic serum when tested with rat diaphragm (Hamol- 


sky, Ellison & Freedberg, 1957) or red cells (Richards, Dowling & Ingbar, 
1959). In the hope of gaining a better understanding of the red cell test, 
we have studied the binding of T3 by serum submitted to paper electro- 
phoresis at* different hydrogen-ion concentrations, including a pH closer 
to the physiological than that generally used for paper electrophoresis. 
We have also compared the binding of T3 and T 4 by red cells. | 
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METHODS 

The methods used for the paper electrophoresis, for preparing the buffers and for scanning 
radioactivity on the paper strips have been described elsewhere (Myant & Osorio, 1960a, b). 
When. possible, the amount of T3 in each zone of the paper strip was estimated from the 
concentration in the serum and the proportion of the total activity at each peak recorded 
by the scanner. The binding capacity of TBP for T 4 in tris-maleate at pH 8-6 was estimated 
from the amount of 1*1I-labelled T 4 present in the inter-alpha zone after electrophoresis of 
serum to which enough labelled T 4 (100 yg/100 ml.) had been added to saturate the binding 
sites on TBP. The samples of normal serum were obtained from two normal adult males. 
For comparison of the binding of radioactive T4 and T3 by red cells, blood was drawn 
into a heparinized syringe and the red cells were washed six times with physiological saline 
after removal of the white cells. A stock suspension was made up to contain 2-5 ml. red 
cells in 20 ml. Krebs’s bicarbonate buffer at pH 7-4. Samples, each of 2-0 ml., were incu- 


bated with the radioactive hormone for 2 hr at 37° C in stoppered tubes with gentle shaking. 


At the end of the incubation the red cells were separated by centrifugation at about 2000 g 
for 20 min. A sample was taken from the supernatant for measurement of radioactivity 
and the amount of activity in the whole supernatant was estimated from the activity per 
unit volume and the volume of buffer in the suspension. Radioactivity in the unwashed 
red cells was estimated as the difference between the total added and that remaining in the 
supernatant at the end of the incubation. The I-labelled L-triiodothyronine and L-thy- 
roxine, of specific activity 20-30 uc/ug, were obtained from Abbott Laboratories Pacific 
Ltd., Chicago. 


BESULTS 
Electrophoretic distribution of radioactive triiodothyronine at 
increasing concentrations 

The binding of radioactive T3 by the protein fractions of serum was 
studied in samples of normal human serum submitted to paper electro- 
phoresis in tris-maleate buffer at pH 7-6, 8-6 and 9-2, and in 5,5-diethyl- 
barbiturate buffer at pH 8-6. The concentration of added T 3 was varied 
from about 1yg/100 ml. to 300 ug/100 ml. serum. Since the distribution 
of activity in the presence of tris-maleate was markedly influenced by the 
pH of the buffer, the results obtained at each hydrogen ion concentration 
will be described separately. 

At pH 7-6. At the lowest concentration of T 3, most of the activity was 
confined to a single peak in the inter-alpha zone (Fig. 1a). The remainder 
of the activity was distributed between the origin and the posterior limb 
of the inter-alpha peak, with small humps corresponding roughly with the 
a, and £ bands. There was no activity in the albumin band. As the con- 
centration was raised (Fig. 1b), the activity behind the inter-alpha zone 
increased at the expense of the inter-alpha peak. At a concentration of 
100 wg/100 ml. the main peak corresponded to the 8 band, but at higher 
concentrations most of the activity was at the origin. Even at the highest 


concentration tested there was no peak of activity in the albumin or 
pre-albumin zones. 
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Since the inter-alpha peak was never clearly separated from the peaks 
in the a, and f zones, it was difficult to estimate the amount of T 3 car- 
ried in each zone. As a rough approximation, the amount in the inter- 
alpha zone was determined from the area that lay under the curve and 


(a) (b) 7 


Fig. 1. Distribution of radioactivity along paper strips after electrophoresis of 
serum in tris-maleate buffer at pH 7-6, 8-6 and 9-2. a, c and e, radioactive T3 
added at concentration of 1 ug/100 ml. serum. b, d and f, T3 added at (25 by 
100 (...... ), and 200 (——-—-—-) zg/100 ml. serum. Arrows show line of application of 
sample. Solid blocks show positions of protein bands (A = albumin). 


was limited by the vertical lines shown in Fig. 1b; the amount in the a, 
and 8 zones, including the intervening region (%,-8 zone), was determined 
in a similar way (see Fig. 1b). Figure 2 shows how the amount of T3 
carried in the inter-alpha zone, calculated on this basis, varied with the 
concentration. The amount reached a maximum of about 25 yvg/100 ml. 
serum when the concentration was 100 »g/100 ml. At concentrations up 
to 200 ug/100 ml. almost all the T3 not carried in the inter-alpha zone 
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was carried in the «,-8 zone. At higher concentrations the binding by 
proteins in this zone approached saturation, since an increasing proportion 
of the total activity remained at the origin. 

At pH 8-6. At the lowest concentration the main peak was in the inter- 
alpha zone, but there was also a well defined peak in the albumin band, 
accounting for 5-10% of the total activity, and a small hump in the 
8 band (Fig. 1c). As the concentration was raised, the inter-alpha peak was 
replaced progressively by an increase in the activity in the albumin band 
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Fig. 2. Relation between concentration of added T3 and amount carried in 

a (O) and «,-8 (+) zones after electrophoresis in tris-maleate buffer at 

pet 
and in the region behind the inter-alpha zone (Fig. 1d). At the highest 
concentrations the greater part of the activity was between the inter- 
alpha zone and the origin, with small peaks in the «, and £8 bands. There 
was sg radioactivity in the pre-albumin zone at any of the concentrations 
tested. 

At pH 8-6 it was even more difficult than at pH 7-6 to determine the 
proportions of the total activity present in different zones along the paper. 
However, an attempt was made to determine the amounts in the inter- 
alpha, albumin and «,-8 zones by dividing up the area under the curve 
in the way described above. Calculated on this basis the amount of T3 © 
in the inter-alpha zone approached a maximum value of about 35 yg/ 
100 ml. serum (Fig. 3); that in the albumin increased throughout the 
range of concentration tested, but the curve suggested an approach to a 
maximum value of less than 60 ug/100 ml. The amount in the «,-f8 zone 
rose steeply to nearly 200 yg/100 ml. without approaching a plateau at 
the highest concentration. . 


At pH 9-2. At the lowest concentration the proportion of the total 
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activity in the albumin band was greater than at pH 8-6. As the concen- 
tration was raised, activity was progressively displaced from the inter- 
alpha zone to the albumin band and, to a smaller extent, to the «-8 zone 
(Fig. 1¢, f). The amount carried in the inter-alpha zone, calculated by the 
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Fig. 3. Relation between concentration of added T3 and amount carried in inter- 
alpha (0), albumin (A) and &-B (+) zones after electrophoresis in _tris- maleate 


buffer at pH 8-6. 
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Fig. 4. Relation between concentration of added T3 and amount carried in : 
inter-alpha (©), albumin (A) and «,-8 (+) zones after electrophoresis in tris-mal-. 


eate buffer at pH 9-2. 


method used for deriving Fig. 3, increased to a value of about 40 pg/ 


value sa more than 150 pg/100 ml. 


100 ml. at a concentration of 300 ng/100 ml., without reaching a clearly 
- defined plateau (Fig. 4). The amount in the albumin rose e steeply to a 
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The distribution of T 3 in 5,5-diethylbarbiturate buffer at pH 8-6 was 
more or less the same as that observed in tris-maleate at pH 7-6. As the 
concentration was raised, radioactivity was displaced from the inter- 
alpha zone to the «,-8 zone. Even at the highest concentration not more 
than 5° of the total was in the albumin band. As in tris-maleate at 
pH 7-6, the amount carried in the inter-alpha zone reached a maximum of 
about 25 »g/100 ml. serum. 


Electrophoretic distribution of radioactive triiodothyronine in the 
presence of thyroxine 


In order to study competition for the serum proteins between T3 and © 


T4, the distribution of activity was measured in serum submitted to 
electrophoresis in tris-maleate buffer after the addition of 1 yg radio- 


active T3/100 ml. together with non-radioactive T4 at increasing con- _ 


centrations. The amount of T 3 carried in the inter-alpha zone at each T 4 
concentration was determined roughly in the manner described above. 

The results were the same at pH 7-6 and 8-6. T 4 at increasing concentra- 
tions progressively displaced radioactivity from the inter-alpha zone to 
_ the region between the «, band and the origin, no activity appearing in 
the albumin band (Fig. 5). Some displacement of T3 was clearly detect- 
able when the concentration of added T 4 was 2 ug/100 ml. Less than half 
the T3 remained in the inter-alpha zone when the concentration of T 4 
was raised to 25 yg/100 ml. and less than 1/10 when the concentration 
was 100 yg/100 ml. (Fig. 6). At pH 9-2 T4 at a given concentration 
displaced T'3 from the inter-alpha zone to about the same extent as at 
pH 8-6. However, at this pH some of the radioactivity was displaced to 
the albumin band as well as to the «,-8 zone. 


| Binding capacity of red cells 7 

An attempt was made to estimate the binding capacity of red cells for 
T3 and T 4 by determining the maximum amount of each substance that 
could be bound by a given volume of red cells suspended in buffer at 
pH 7-4. Radioactive hormone at increasing concentrations was incubated 


with red cells and the amount bound was determined from the proportion 


of the total activity present in the red cells at the end of the incubation. 
The proportion of the T3 and T 4 bound remained more or less constant 
over a range of concentration from 1 to 10,000 p»g/100 ml. buffer (Table 1), 


the amount bound increasing linearly as the concentration increased. At_ 


@ given concentration rather more T3 than T4 was bound to the cells; 
at the highest concentration tested 1 g red cells bound about 620 pg T3 
and about 510 ng T4. Owing to the low solubilities of both hormones at 


pH 7-4, binding could not be tested at concentrations approaching that 
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Fig. 5. Distribution of radioactivity along paper strips after electrophoresis of 
* &o serum in tris-maleate at pH 7-6 with radioactive T 3 (i yg/100 ml. serum) and non- 
radioactive T4 at concentrations of 10 ( ) and 100 (—.—.—) 
4 pg/100 ml. Arrow shows line of application of sample. Solid blocks show positions 

| of protein bands (A = albumin). 
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Fig. 6. Relation between concentration of radioactive T3 (1 yg/100 ml. serum) 
or carried in inter-alpha zone and concentration of added T 4 in serum submitted to 
: ee paper electrophoresis in tris-maleate buffer at pH 7-6. 
it | 

d | — Tanne 1, Uptake of T3 and T4 by normal red blood cells, 0:25 ml. x.8.c.+2 ml. Krebs’s 
no bicarbonate buffer (pH 7-4) containing radioactive T3 or T4 at different concentrations 
1. incubated for 2 hr at 37° A 
it Concentration of % activity in R.B.C. at Hormone bound 
) hormone (yg/100 ml. end of incubation (ug/g B.B.C.) 
buffer) at start A A 
Of incubation T3 T4 T3 T4 
3; | 1 78-9 61-4 0-06 0-05 
3 | 100 78-6 61-0 6 5 
500 80-3 62-4 32 25 
ut 1000 77-1 64-7 62 52 
5000 78-3 64-4 313 258 
vb» 10,000 17-3 63-6 618 509 
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required to saturate the binding sites. Binding capacity could not, there- 
fore, be determined in conditions comparable with those used in the red 
cell test, though the results of Table'1 give a minimum value. 


DISCUSSION 


The binding capacity of TBP for T4, determined from the maximum 
amount carried in the inter-alpha zone, has been found to lie between 
15 and 30 y»g/100 ml. serum in most normal people (Robbins & Rall, 
1957; Tanaka & Starr, 1959). The T 4-binding capacity of the samples of 
normal serum used in this work was between 25 and 30 yg/100 ml. when 
measured by electrophoresis in tris-maleate at pH 8-6. In view of the 
errors in determining the amount of T'3 carried in the inter-alpha zone, it 
is reasonable to conclude, therefore, that at pH 8-6 TBP has about the same 
binding capacity (in moles of hormone/ml. serum) for T3 as for T4. This 
suggests that all the binding sites on TBP are available to both hormones. 
It is consistent with this suggestion that T 3 begins to be displaced from 
the inter-alpha zone by T4 when T 4 is added at a concentration as low 
as 2 yg/100 ml. (Fig. 6). 

As the pH is reduced from 9-2 to 7-6 albumin becomes increasingly 
ineffective in binding T 3, both at low concentrations and at high concen- 
trations approaching that required to saturate TBP. Whatever the reason 
for this effect of pH, it seems unlikely that binding by albumin can have 
any direct influence upon the distribution of T 3 between serum and 
red cells at physiological pH. 

The tendency for T3 to spread into the region behind the inter-alpha 
zone was noticed by Deiss e¢ al. (1953) during electrophoresis in 5,5-diethyl- 
barbiturate buffer at pH 8-6. Some of the radioactivity remaining behind 
the inter-alpha zone in tris-maleate buffer is probably due to binding of 
T3 by the «,- and f-globulins, since peaks corresponding to these proteins 

were usually observed. On the other hand, some of it may be due to T3 
bound to the filter paper rather than to any of the serum proteins. For 
this reason, and also because of the lack of resolution between the peaks 
behind the inter-alpha zone, an exact estimate of the binding capacity 
of the «,- and -globulins is not possible. Nevertheless, it seems clear that 
as the pH is reduced, the more slowly moving globulins bind an increasing 
proportion of the T 3 that becomes available as the binding sites on TBP 
approach saturation. This may simply be a consequence of the fall in the 
binding power of albumin. At pH 7-6 an increasing proportion of the 
radioactivity remains at the origin as the concentration of T 3 is raised 
above 100 ~g/100 ml. This, as already noted, shows that the «,- and f- 
globulins approach saturation at the highest concentrations tested; Fig. 2 
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suggests that the sum of the binding capacities of these proteins is not 
more than 300 p»g/100 ml. serum at pH 7:6. 

Our attempt to measure the binding capacity of red cells for T3 and 
T 4 was unsuccessful. However, it is possible to draw certain conclusions 
from the results. When the binding sites on the red cells approach satura- 
tion there should be a fall in the proportion of bound to total hormone as 
the concentration of hormone in the buffer is increased. The fact that no 
such fall occurs (Table 1) shows that, even at the highest concentration 
tested, the majority of the binding sites are still free. The binding capacity 
for both T3 and T4 must, therefore, be much greater than 50 mg/100 g. 
The binding affinity for both hormones, on the other hand, must be very 
low, since 20°, or more of the total hormone in the red cell suspension is 
free at the lowest concentration. Table 1 also shows that red cells bind a 
larger proportion of T3 than of T 4 at a given concentration of hormone. 
This is in agreement with the findings of Crispell, Kahana & Hyer (1956) 


, and suggests that the affinity of T3 for red cells is slightly higher than 


that of T 4. | 

Christensen (1960) and Robbins & Rall (1960) have pointed out that a 
rise in the concentration of T 4 should displace T 3 to the red cells, provided 
the binding capacity of the serum proteins remains constant. Our 
observations on the electrophoretic distribution of T3 help to show how 
this may occur. 

We have shown elsewhere (Myant & Osorio, 19605) that the effect of 
pH on the binding of T4 by human serum is such as to suggest that, at 
hydrogen-ion concentrations near the physiological, TBP and albumin | 
are the only proteins that bind T4. If this is true, the binding capacity 
of TBP available to T 3 in normal plasma is approximately equal to the total 
concentration of binding sites on TBP, minus the concentration of T 4 not 
bound to albumin. When T 3 is added to a suspension of red cells in plasma 
it is shared between the red cells and those proteins in the plasma that are 
capable of binding it at physiological pH. At low concentrations of T3 
the fraction bound by the red cells and by the various binding proteins of 
the plasma will in each case be roughly proportional to the product of 
binding affinity and binding capacity available to T 3. Since it seems likely 
that several of the serum proteins compete for T3 at physiological pH 
and that they have different affinities and binding capacities, it is im-- 


_ possible to predict how the partition of T 3 between red cells and plasma 


would vary with changes in the binding capacity of TBP available to | 
T 3. However, it is possible to predict what should happen in general terms. 

Figure 1 shows that at pH 7-6 nearly all the T3 added to serum at 
low concentration is bound by TBP. Since the capacity of the «- and 
8-globulins is greater than that of TBP (Fig. 2), the affinity of TBP for 
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T3 must be much greater than that of any other serum protein. As we 
have pointed out above, the capacity of the red cells is probably much 
higher than that of all the serum proteins together, whereas their 
binding affinity is very low. The net result of these factors is th«t in the 
presence of equal volumes of normal plasma and red cells about 90%, 
of the T 3 remains in the plasma, almost all of this being bound by TBP. 
If the concentration of T 4 is increased, there is a fall in the binding capa- 
city of TBP available to T3 and this results in a displacement of T3 


to the a- and f-globulins (Fig. 5). Since the binding affinity of these 


globulins is rather low and their capacity is much less than that of the red 
cells, this displacement of T 3 leads to an increase in the proportion bound 
by red cells. As the concentration of T 4 is increased, the concentration of 
binding sites on TBP available to T 3 will approach zero and the proportion 
of T3 bound to red cells will approach the value that would be observed if 
T 3 were shared only between red cells and the «- and f-globulins. The 
results of Friis (1960, Fig. 3) suggest that this value is between 20 and 25 %. 

When the red cell test was first described, Hamolsky (1955) observed 
that if radioactive T4, instead of T 3, was used, less than 1° was taken 
up by the red cells and the uptake could not be used as a diagnostic test 
for thyrotoxicosis. Crispell ef al. (1956) suggested that this difference was 
due to the low binding affinity of T 4 for red cells compared with that of 
T3. However, the difference in affinity is too small to account for the 
difference in uptake by the red cells. It seems more likely that the dif- 
ference in uptake is due to the binding properties of albumin. Whereas 
albumin has a high binding power for T 4 at a pH close to the physio- 
— logical (Myant & Osorio, 1960), its power to bind T3.is almost com- 
pletely suppressed at pH 7-6 (Fig. 1a, b). Hence, as the binding sites on 
TBP become filled, the red cells compete with albumin for T4, but with 
the weakly binding globulins for T 3. 


Several workers have considered the possibility that the high uptake 


of T'3 by red cells in thyrotoxicosis is due to an increase in the proportion 
of binding sites on TBP that are occupied by T4 (Hamolsky, Golodetz & 


Freedberg, 1959; Robbins & Rall, 1960; Ingbar & Freinkel, 1960). If 


the high uptake in thyrotoxicosis is to be explained in this way, it should 
be possible to raise the uptake in normal plasma by adding enough T 4 to 
_ raise the concentration to the level found in thyrotoxicosis. Friis (1960) 
concluded that T 4 added to plasma in vitro does not affect the uptake of 
T3 until the concentration of added T4 exceeds 6 »g/100 ml. Richards 
et al. (1959) also say that the addition of T 4 to normal plasma has little 
effect on the uptake of T 3, though their experiments have not been pub- 
lished. It has also been found (Hamolsky et al. 1959) that the uptake of 
T’3 by red cells is increased in plasma from patients with cirrhosis of the 
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liver or malignant disease, in whom the plasma concentration of thyroxine 
and the binding capacity of TBP are normal (Ingbar & Freinkel, 1960). 
Ingbar & Freinkel (1960) have put forward an explanation of the red cell 
test that takes account of the thyroxine-binding substance moving ahead 
of albumin during paper electrophoresis in tris-maleate buffer at pH 8-6 
(pre-albumin binding substance or TBPA). They have claimed that the 
binding capacity of this substance, as measured in tris-maleate at pH 8-6, 
is reduced in thyrotoxicosis and in many non-thyroid diseases. Although 
TBPA does not bind T3 (Ingbar, 1958), Ingbar & Freinkel (1960) have 
pointed out that a fall in the capacity of TBPA could lead to a high uptake 
of T3 by red cells because a relatively large proportion of the total T 4 in 
the serum would be carried on TBP and there would, therefore, be a fall in 
the concentration of binding sites on TBP available to T3. In support of 
this explanation they claim that the rise in T3 uptake in plasma from 
thyrotoxic patients and from patients with non-thyroid disease 1 is corre- 
lated with a fall in the capacity of TBPA. 

Against this explanation, however, our observations on the effect of 


_pH on the binding of T4 in serum (Myant & Osorio, 19606) suggest that 


the binding of T4 by TBPA is suppressed at physiological pH. The failure 
of Ingbar & Freinkel (1960) to find a consistent increase in T 3 uptake from 
normal plasma enriched with T 4 is difficult to reconcile with our observa- 
tion that T 3 is displaced from TBP to the «,- and 8-globulins (Fig. 6) when 
the concentration of T 4 is raised by not more than 2 ug/100 ml. Moreover, 
J. Gartside, A. W. G. Goolden, D. Jackson & C. Osorio (unpublished 
observations) have shown that the uptake of T3 by red cells in normal 
plasma is significantly increased when T 4 is added at a concentration of 
1 »g/100 ml. They have also shown that, at a given concentration of un- 
occupied binding sites on TBP, the uptake of T 3 in the red cell test is 
the same in plasma from thyrotoxic and myxoedematous people as in 


~~ normal plasma enriched with T 4. In order to explain the results of the 
. red cell test in thyroid disease it may not, therefore, be necessary to postu- _ 


late any change in the serum other than an alteration in the concentra- 
tion of binding sites on TBP available to T 3. It must be admitted, how- 
ever, that this does not explain the high T3 uptake claimed to occur in 
patients with non-thyroid diseases in whom the total binding capacity 
of TBP and the serum concentration of thyroxine are both within normal 
limits (Ingbar & Freinkel, 1960). 


SUMMARY 

1. The effect of pH on the distribution of radioactive triiodothyronine 
(T 3) in normal human serum was studied by paper electrophoresis. | 
2. At low concentrations most of the T3 was carried in the inter-alpha 


a 
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zone. As the concentration was increased, T 3 was progressively displaced 
from the inter-alpha zone. Displacement was mainly to aibumin at pH 9-2, 
to albumin and the «,- and f-globulins at pH 8-6, and to the «,- and 
B-globulins alone at pH 7-6. 

3. The T 3-binding capacity of the inter-alpha, albumin and «,-8 zones 
was estimated roughly at each pH, from the maximum amount of T3 
bound at each zone. At pH 7-6, the T3-binding capacity of the inter- 
alpha zone was about 25 ug/100 ml. serum; that of the «,-8 zone was 
between 200 and 300 yg/100 ml.; that of albumin was zero. 

4. The T 3-binding capacity of red cells was found to be at least 620 pg/ 
g at pH 7-4. : 

5. When T 4 was added at increasing concentrations to serum contain- 
ing radioactive T 3 at pH 7-6, the T 3 was progressively displaced from the 
inter-alpha zone to the «,- and f-globulins. Definite displacement was 
observed when the concentration of added T 4 was 2 wg/100 ml. 

6. It is concluded that when T 3 is added to a mixture of red cells and 
plasma, the partition of T 3 between red cells and plasma is determined 
_ by competition between red cells, the «,- and 8-globulins, and the binding 
sites on the inter-alpha binding substance that are not already occupied 
by T4. 
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PARTIAL REVERSAL OF THE EFFECTS OF THYROXINE ON 
LIPID SYNTHESIS IN RAT LIVER BY THE ADDITION 
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The synthesis of cholesterol by rat liver slices is increased, and that of 
fatty acids is depressed, if the rat is injected with thyroxine before re- 
moval of the liver (Fletcher & Myant, 1958). Treatment with thyroxine 
has also been shown to affect the synthesis of lipids in cell-free fractions of 
_ liver from which the mitochondria have been removed by centrifugation at 
~ 10,000 g (S,» fractions) (Fletcher & Myant, 1960). In §,, fractions choles- 
terol synthesis is increased after daily injections of 20 wg thyroxine and 
is depressed after larger doses; fatty acid synthesis is depressed after all 
. doses of thyroxine from 20 to 100 yg/day. The depression of lipid syn- 
thesis in the §,, fractions is associated with a fall in glycogen content. We 
suggested that in the §,, fraction glycogen is the main source of energy 
for the regeneration of adenosine triphosphate (ATP) and of other 
cofactors necessary for the synthesis of lipids, and that when lipid syn- 
thesis is depressed in §,, preparations from thyroxine-treated rats this is 
because their lack of glycogen leads to a shortage of essential cofactors. 
In this paper we describe observations which show that glycogen does 
regenerate ATP in the S,, fractions and that the inhibitory effects of 
thyroxine treatment upon lipid synthesis can be reversed by the addition 
of ATP and other cofactors in vitro. 

During the course of this work we made some observations on the 
relation between ATP concentration and cholesterol synthesis in vitro 
that suggested a possible explanation of the increase in cholesterol syn- 


thesis by liver slices from thyroxine-treated rats. This led us to study the 


optimal concentration of ATP for lipid synthesis in S,, fractions from which 
the endogenous ATP had been removed by dialysis. 


This paper also includes observations on the glycogen content of the _ 


livers of normal and treated rats. These observations are more detailed 
than those we have already reported (Fletcher & Myant, 1960), which were 


| based only on the naked-eye appearance of the glycogen pellet obtained 
by centrifugation. 
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METHODS 


The rats were albino males of an inbred strain weighing about 150 g. The treated animals 
were given sodium L-thyroxine daily by intraperitoneal injection for 9 days, the control 
animals receiving daily injections of the same volume of the fluid used for dissolving the 
thyroxine. At the end of the period of treatment the rats were killed by a blow on the 
head and the livers removed. Cell-free fractions were prepared in phosphate buffer (Bucher 
& McGarrahan, 1956) by the methods described elsewhere (Fletcher & Myant, 1960). 
For most experiments the 8,9 fraction was used. This fraction contains the supernatant and 
the particles remaining in suspension after centrifugation for 20 min at 10,000g. For 
some experiments the §,, fraction was spun for | hr at 104,000 g and the supernatant from 
this spinning (8,9,) was decanted from the pellet (M) containing microsomes and glycogen. 
When necessary the microsomes were separated from the glycogen by gentle shaking with 
a little buffer solution. Lipid synthesis was estimated in vitro as the amount of 1-C-acetate 
incorporated into the cholesterol and fatty acids of the liver fractions after incubation for 
2hr at 37°C. The incubations were carried out in a standard medium consisting of the 
buffer solution used for preparing the fractions, with reduced diphosphopyridine nucleotide 
(DPNH, 1-0 umole), oxidized triphosphopyridine nucleotide (TPN, 0-5 umole), glutathione 
(20 pmole), and sodium 1-1C-acetate (20 pmole + 5 pyc); other cofactors were added as desired. 
Each flask contained the equivalent of 0-7 g of fresh liver; the final volume in each flask, 
including homogenate and buffer, was 3-5 ml. At the end of the incubation cholesterol as 
digitonide and fatty acids as soaps were isolated from the contents of the flasks and assayed 
for radio-activity by methods described elsewhere (Fletcher & Myant, 1960). The amounts 
of lipid synthesized were expressed as micromoles radioactive acetate incorporated into 
cholesterol or fatty acids per gram of fresh liver. 

For each experiment on the effect of adding cofactors the S,, fraction was prepared from 
the pooled livers of six treated rats (treated preparation) and of six controls (control 
preparation), matched for weight with the treated animals. Synthesis of lipids was then 
measured in incubation flasks, usually paired, with or without the addition of cofactors. 
The livers from six rats usually gave enough §,, fraction for more than 20 flasks. The values 
observed within each pair of incubation flasks differed Som each other by less than 10 % in 
almost all cases. 

Estimation of glycogen. The liver was frozen in liquid air immediately after removal from 
the rat. A portion of the frozen liver was then weighed and dropped into KOH solution, 
33 g/100 ml., at 100°. After digestion on the steam-bath for 1 hr, glycogen was isolated by 
the method of Somogyi (1957) and hydrolysed to glucose by digesting it in boiling 4 n-H,SO, 
for | hr. The glucose was then estimated by the method of Nelson (1944), with the Sameer 
reagent (Somogyi, 1945). 

Estimation of ATP. The liver was dropped into liquid air immediately after removal from 
the rat. Portions of about 200 mg were crushed to a fine powder in a cooled steel cylinder. 
A weighed quantity of the powder was then stirred into a few millilitres of ice-cold 10%, 
trichloroacetic acid and left for 10 min. The mixture was neutralized with NaOH, made 
up to 10 ml. with the glycine buffer used for the assay, and diluted with buffer to give a final 
- concentration of about 1 pg ATP/ml. The ATP was estimated from the light emitted by the 
fire-fly enzyme system, by a modification of the method of Strehler & Totter (1954). About 
50 mg dried fire-fly tails (Schwarz Bioresearch Inc., New York) were ground with glass powder 
in 10 ml. of 0-1m arsenate buffer at pH 7-2 and left at — 15° C until required. On the day of 
the assay the mixture was thawed and spun at 700 g for 10 min at 5°C. The slightly turbid 
supernatant, containing the enzyme system, was decanted and kept on ice during the 
assay. Samples of the liver extracts (0-04-0-1 ml.) to be assayed were added to a solution 
containing 2 ml. 0-05 glycine buffer at pH 7:2, 0-2 ml. 0:1m-MgSO, and 0-2 ml. of enzyme | 
solution in 3 ml. cuvettes housed in a light-tight box placed against the end of a photo- 
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multiplier tube (EMI-6097/5). This was connected to a potentiometer recorder. The deflexion 
was read at 20 sec after addition of the ATP. The response of the recorder was linear over a 
range of ATP from 0-01 to 0-1 yg; there was no response to adenosine diphosphate. Standard 
curves were prepared for each set of assays on any day. 

(1942). 


RESULTS 
Concentration of glycogen in whole liver 


In an earlier part of this work (Fletcher & Myant, 1960), thyroxine 
treatment was shown to cause a fall in the concentration of glycogen in 
the liver. However, this finding was based on the naked-eye appearance 
of the pellet obtained by centrifugation of the S,, at 104,000 g. In view 
of the probable importance of glycogen as an energy source for ATP 
regeneration in the §,,, it seemed desirable to obtain more accurate in- 
formation about the glycogen content of the livers of treated rats, and to 


Glycogen content of liver (mg/g) 


= 


Dally dose of thyroxine (ne) 


Fig. 1. Concentration of glycogen (mg/g wet weight) in livers of normal 
and thyroxine-treated rats. Vertical lines show s.z. of mean. 


see how this was related to the dose of thyroxine. Figure 1 shows the 
glycogen concentration in the livers of normal rats and of rats given doses 
of thyroxine ranging from 10 to 50 yg/day. In the normal livers the con- 
centration averaged 51+6-1 mg/g wet weight. After treatment with 
10 pg thyroxine/day there was a significant fall in the glycogen concentra- 
tion and after 50 ug/day the level was less than 10 °/ of that in the controls. 
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Concentration of ATP in whole liver and 81 fractions 


The ATP content of the livers and of the pooled §,, fraction was measured 
in groups of control and treated rats. In the whole livers from normal rats 
the average concentration of ATP was 2-4+0-2 umole/g wet weight. 
After treatment with increasing doses of thyroxine there was a progressive 
fall in ATP concentration to an average value of 1-0+0-1 umole/g when 


- the daily dose was 50 yg (Fig. 2). In the §,, fraction from normal rats the 


average concentration of ATP was 0-65 umole/ml. After treatment with - 
50 wg thyroxine/day the concentration fell to an average of 0-31 umole/ml. 


~ 
=) 


Concentration of ATP in liver (zmole/g) 
T 


10 20 30 40 50 
Daily dose of thyroxine (yg) 


Fig. 2. Concentration of ATP (umole/g wet weight) in livers of normal and 
thyroxine-treated rats, Vertical lines show s.z. of mean. 


Glycogen as an energy source for AT'P regeneration in the 
S19 fraction 


If glycogen is the main source of energy for the regeneration of AT 
in the §,,, ATP might be expected to disappear more rapidly from the 
treated than from the control preparations. The rates of disappearance 
of endogenous and exogenous ATP were therefore compared in treated 
and control preparations. §,, fractions were prepared from normal rats 
and from rats given 50 yg thyroxine/day and were then incubated in the - 
standard medium, with and without added ATP. Samples were taken at 
zero time, and then at various intervals, for estimation of ATP. Figure 3 
shows the results of a typical experiment. When no exogenous ATP was 
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- added, the ATP concentration in the control preparation rose slightly 
during the first 30 min and then fell to less than 0-10 pmole/ml. by the 
end of the second hour; in the treated preparation the initial concentration 
was less than that in the control and the rate of disappearance was greater, 
the concentration falling almost to zero during the first 15 min. When 
exogenous ATP (2 »mole/ml.) was added, the rate of disappearance in 
the treated preparation was much greater than that in the control. 


30r 


| Concentration of ATP in S49 (¢mole/ml.) 


Incubation time (min) 


Fig. 3. Concentration of ATP in §,, during incubation in standard medium at 
37° C for 2 hr. Control (A—A) and treated (A—A) §,, to which ATP (2 pmole/ml.) 


was added at zero time; control (O—O) and treated (@—@®) 8,) with no exogenous 
ATP. 


The high rate of disappearance in the treated S,, fraction with added ATP — 
was such that by the end of the first half hour the concentration was 


lower than that in the control without added ATP. 

‘Further evidence that glycogen acts as a source of energy for the forma- 
tion of ATP was obtained by studying the effect of exogenous glycogen 
on the rate of disappearance of ATP during a 2 hr incubation period. 
Treated and control §,, fractions were prepared in the usual way. The 
treated fraction was then divided into two parts. To one, glycogen was 
added at zero time in sufficient quantity to raise the concentration approxi- 
mately to that in the control preparation ; to the other, glycogen was added 
1 hr after the beginning of the incubation. The control preparation re- 
ceived no exogenous glycogen. When the glycogen was added to the 
treated preparation at zero time, the curve of disappearance of ATP was 
restored almost to that seen in the control preparation (Fig. 4). When the 
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_ glycogen was withheld until the end of the first hour, the ATP concentra- 
tion fell to zero within the first 45 min. Within 15 min of the addition of 
glycogen, ATP reappeared, rising to a maximum of 1-4 »mole/ml. and 
then declining. In the treated preparation to which glycogen was not 
added at the beginning of the incubation, synthesis of cholesterol and 
fatty acids showed a marked slowing up during the second half hour, 
followed by a secondary rise after the addition of glycogen (Fig. 4). 


(a) 


ATP concentration (umole/mi.) 


$8 8 8 


Synthesis of cholesterol and fatty acids 


30 60 90 120 
Incubation time (min) | 


Fig. 4. Effect of glycogen on concentration of ATP and on lipid synthesis in S,, 
during incubation in standard medium at 37 °C for 2 hr. (a) ATP concentration in 
control 8,, (O—O), in treated 8,, to which glycogen (30 mg/ml.) was added at 
zero time (A— A) and in treated 8,, with glycogen (10 mg/ml.) added at end of 1 hr 
(A—A). Exogenous ATP (2 pmole/ml.) was added to all three fractions at zero 
time. (b) 4C-acetate (counts/min from digitonide or soap at infinite thickness) in- 
corporated into cholesterol (O—O) and fatty acids (A — in the treated 8,9 to 
which glycogen was added at end of first hour. Arrow shows addition of glycogen. 
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Effect of adding AT'P to Sy 

Preliminary experiments showed that when ATP was added to the 
control preparations incubated for 2 hr in the standard medium, synthesis 
of fatty acids was increased and that of cholesterol was reduced. A more 
detailed study of these effects (Fig. 5) showed that as the concentration of 
added ATP was raised, fatty acid synthesis increased to a maximum at; 
between 2 and 4 umole ATP/ml. and then declined, eventually falling to 
the level observed in the standard medium alone. Cholesterol synthesis, 
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ATP added (ymole/ml.) 

Fig. 5. Effect of ATP on synthesis of fatty acids (A) and cholesterol (©) from 
1-44C-acetate in 8,, fraction from normal rat liver incubated in standard medium 
at 37°C for 2hr. Values represent umole acetate incorporated, expressed as % 


synthesis in the absence of added ATP. Results collected from many different 
experiments. 
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on the other hand, fell continuously as the concentration of added ATP 
was raised from 0-5 to 10-0 zmole/ml. In contrast to the findings with fatty 
acids, there was no initial rise to a maximum at low concentrations of ATP. 

The response of the treated preparations to ATP depended to some 
_ extent on the dose of thyroxine given to the rats. After treatment with 
30-yg doses of thyroxine, ATP usually stimulated lipid synthesis, as shown 
in Fig. 6. In this experiment the amounts of fatty acid and cholesterol 
synthesized in the standard medium alone were 17 and 65 %, respectively, 


of the amounts synthesized in the control preparation. As the concentra-_ 


tion of added ATP was raised from 0-5 to 7-0 pmole/ml., fatty acid syn- 
thesis in the control preparation showed the usual rise to a maximum 
followed by a decline. In the treated preparation synthesis rose towards 
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the control level but did not reach the level observed in the control pre- 
paration with no added ATP, even when the concentration of added ATP 
was raised to 7 »mole/ml. Cholesterol synthesis in the control flasks 
showed the usual depression at »il concentrations of added ATP. In the 
_ treated preparation cholesterol synthesis rose to a maximum at 1-2 umole 
ATP/ml. and then declined more or less in parallel with the control curve. 


Synthesis of cholesterol and fatty acids 
(100=synthesis in control with no added ATP) 


Concentration of added ATP (umole/ml.) 


Fig. 6. Effect of ATP upon synthesis of cholesterol and fatty acids in §,, fraction 
of liver from control rats and from rats injected with 30 ug L-thyroxine/day for 
9 days. Values show amount synthesized expressed as percentage of amount syn- 
thesized by control 8,, with no added ATP. O—O, cholesterol in control 8,9; 
@—-—-@, cholesterol in treated 8,,; A—A, fatty acids in control 8,,; A---—A, fatty 
acids in treated Sj». 


At the maximum value cholesterol synthesis was a little higher than the 
value observed in the control preparation in the standard medium alone. 
After larger doses of thyroxine (50-100 wg/day) or, as sometimes 
happened, when there was a marked depression of lipid synthesis after 30 ug _ 
thyroxine/day, ATP had little effect on lipid synthesis until the concentra- 
tion was raised above 5 umole/ml. Figures 7 and 8 show the results of an 
' experiment which illustrates this type of response. The treated rats were 
given 50 ug thyroxine/day and this was followed by a depression of fatty — 
acid synthesis to 7°, and of cholesterol synthesis to 36%, of the control 
levels. When the concentration of added ATP was raised to 7 pmole/ml., 
fatty acid synthesis was still only about 20% of the level observed in the 
control preparation with no added ATP. The addition of ATP at increasing 
concentrations to the treated preparation led to a rise in the synthesis of 
cholesterol, in contrast to the continuous fall observed in the control. 
However, synthesis failed to reach the control level when the concentra- 
tion of added ATP was 7 pmole/ml. 
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of added ATP (umole/ml.) 
Fig. 7. Effect of ATP, with and without G6P (15 umole/ml.), upon synthesis of ‘ 
fatty acids in S,, fraction of liver from control rats and from rats injected with t 
50 pg L-thyroxine/day for 9 days. Values show amount synthesized, expressed as : 
_ percentage of amount synthesized by control 8,) with no added ATP and no r 
G6P. O—O, control §,, with no G6P; @®—®@, control 8,, with G6P; @-- 
treated with no G6P; + - -+, treated Sp with G6P. 
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Concentration of added ATP (zmole/ml.) In 
| 
Fig. 8. Effect of ATP, with and without G6P, upon synthesis of cholesterol in . 
8S,» fraction of liver from same rats as those used for experiment of Fig. 7. Symbols 
as in Fig. 7. tk 
The influence of glycogen on the effect of adding ATP to Si» r 
The results described in the previous section show that ATP added at es 
a concentration of 5 yzmole/ml. markedly inhibits cholesterol synthesis p 
in the control 8,9, whereas the addition of ATP at this concentration 
may stimulate synthesis in the treated §,, (as in Fig. 8). Similarly, 
high concentrations of ATP may be inhibitory to fatty acid synthesis in 
the controls but stimulatory in the treated. The reason for this anomaly i 
_ seems to be the deficiency of glycogen in the treated preparations. i 
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This leads to a rapid disappearance of ATP, so that although the initial 
concentration may be almost as high in the treated as in the controls, 
the mean concentration throughout the incubation is much lower in 
the treated, and is not high enough to inhibit cholesterol synthesis. 
When glycogen is added to the treated preparation, the effect of 
increasing concentrations of ATP on cholesterol and fatty acid syn- 
thesis is the same as in control preparations without added glycogen. 
Figure 9 shows an experiment illustrating this. In the S,) preparation 
from a group of rats given 50 wg thyroxine/day, synthesis of both lipids 


(a) 


acid synthesis 


t 
(umole liver /2 hr) 


Cholesterol synthesis 
(umole 14C-acetate/g liver/2 hr) 
Fat 


Al 


5 10 
Concentration of added ATP Concentration of added ATP 


Fig. 9. Effect of ATP on cholesterol (a) and fatty acid (b) synthesis in treated S,) _ 
after incubation at 37°C for 2 hr with (A—A) and without (A—A) glycogen 
(30 mg/ml. added at zero time). In this experiment synthesis was also measured in | 
control §,,, to which no ATP had been added, with (@) and without (©) glycogen 
(30 mg/ml.). | | 


increased as the concentration of ATP was raised to 10 pmole/ml. When 
glycogen alone (30 mg/ml.) was added to the treated preparation, chole- 
sterol synthesis was increased about twenty-fold, reaching a value more 
than twice that of the control preparation with no exogenous glycogen. 
When ATP was added at increasing concentrations to the treated prepara- 
tion containing exogenous glycogen, there was a progressive fall in chole- 
sterol synthesis. In the presence of exogenous glycogen, fatty acid synthesis 
in the treated preparation followed a curve similar to that seen in control 
preparations, rising to a maximum at 3 pmole ATP/ml. and then declining. 


Optimal concentration of AT'P for lipid synthesis in Sy, 
The inhibitory action of exogenous ATP on cholesterol synthesis in the 
control §,, (Fig. 5) suggests that the concentration which is optimal for 
synthesis may be lower than the concentration of endogenous ATPin normal 
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liver. We therefore tried to measure the optimal concentration of ATP by 
making observations on §,, fractions from which the endogenous ATP had 
been removed by dialysis. 8,,, and M fractions were prepared from the 
pooled livers of normal rats and from rats injected with 30 wg thyroxine/day. 
The microsomes in the M fraction were separated from the glycogen and 
stored at — 15°C until required. The S,,, was then dialysed for 18 hr at 
0° C against the buffer used for-preparing the homogenates. After dialysis 
the treated and control §,,, fractions were recombined with their own 
microsomes and supplemented with the substances shown in Fig. 10. 
Lipid synthesis was then measured in the recombined fractions from 
treated and control rats, in the presence of increasing concentrations of 
ATP. Synthesis was also measured in the §,, fractions from the same livers 
before dialysis. Figure 10 shows the results of a representative experiment, 
in which treatment with thyroxine depressed fatty acid synthesis to 19% 
and cholesterol synthesis to 37° of the control values when tested in the 
undialysed §,, fractions. In the dialysed preparations from the treated and 
control rats synthesis of fatty acids and cholesterol was scarcely detectable 


_ in the absence of added ATP. As the concentration of ATP was raised, 


_ fatty acid synthesis increased to a maximum at 2—4 pmole/ml., the values 
from the treated preparation being rather lower than those from the 
controls. Cholesterol synthesis in the control preparations increased 
steeply to a maximum at a concentration of ATP which varied in different 
experiments, but was usually about 0-5 wmole/ml. At concentrations 
greater than 1 pmole/ml., ATP increasingly depressed cholesterol synthesis. 
In the treated preparations the maximal synthesis of cholesterol was al- 
ways higher than that in the controls and the inhibitory effect of ATP at 
high concentrations was less marked. 


Effect of changing the ATP :Mg?* ratio 

Some of the effects of thyroxine on mammalian cells can be reversed 
by the addition of Mg in vitro (Bain, 1954; Tapley, 1956). Although Mg 
was added to the buffer used in our work, it seemed desirable to find out 
whether an increase in the concentration of magnesium had any effect 
on the synthesis of lipids in the §,, fractions from treated rats. Another 
reason for studying the effect of Mg?+ was the finding of Levy & Popjak 
(1960) that there is an optimal ATP: Mg** ratio for one of the ee in the 
synthesis of cholesterol. 

When no ATP was added, increasing the Mg concentration from 5 to 
10 pmole/m]. depressed cholesterol synthesis in the control preparations 
and had no effect on the treated (Fig. 11). At higher concentrations of ATP, 
the inhibitory effect of ATP in the control preparation was partially 

reversed; synthesis of cholesterol in the treated preparations was un- 
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Synthesis of cholesterol and fatty ecids 


1 2 bere 4 5 6 
Concentration of ATP (umole/ml.) 


Fig. 10. Synthesis of cholesterol and fatty acids at increasing concentrations of 
ATP in dialysed 8,, from control and thyroxine-treated rats. Values expressed as 
percentage of synthesis in control §,. in the presence of 1 zmole ATP/ml. O—O, 
fatty acid synthesis in control; @—-— -@®, fatty acid synthesis in treated; A—A, cho- 
lesterol synthesis in control; A-——A, cholesterol synthesis in treated preparation. 
Samples incubated at 37° C for 2 hr. in standard medium + CoA (0-05 pmole) and 
glycogen (35 mg). 


Cholesterol synthesis 


(100 = synthesis with Mg** 0-005 ) 2 


ATP (ymole/ml.) 


Fig. 11. Effect of changing the relative concentrations of Mg*+ and ATP on 
synthesis of cholesterol in control (QO) and treated (@) 8,, fractions incubated at 
37°C for 2hr. Synthesis was measured in the standard medium at increasing 
concentrations of ATP with 0-005m-Mg** ( ) or 0-01mM-Mg*+ (----- ). 


Values expressed as % synthesis in control 8,. with 0-005m-Mg*+ and no added 
ATP. The treated 8,, fraction was obtained from a group of rats given 50 pg saad 
roxine/day for 9 days. 
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affected. Mg*+ had very little effect on fatty acid synthesis either in the 
control or in the treated preparations. 

These results show that the inhibition of lipid synthesis brought about 
by thyroxine is not due to an antagonism between thyroxine and the 
magnesium ions essential for the action of certain enzymes. Our findings 
are, however, consistent with the possibility that some, though not all, of 
the inhibitory action of ATP on cholesterol — is due to an un- 
favourable ATP: ratio. 


Effect of adding generators of reduced triphosphopyridine nucleotide 


The failure of ATP consistently to restore lipid synthesis to the normal 

level, especially after large doses of thyroxine, suggested that thyroxine 
treatment may produce some other shortage in the 8,9, in addition to 
that of ATP. Since the break-down of glycogen may lead to the generation 
of reduced triphosphopyridine nucleotide (TPNH), one of the cofactors 
required for synthesis of both cholesterol and fatty acids, it seemed possible 
that the low glycogen content of the §,, might lead to a shortage of TPNH. 
Accordingly, experiments were designed to test the effect of substances 
capable of reducing TPN to TPNH in the §,, fraction from rats snes 
with 50 thyroxine/day. 
Effect of glucose- -6-phosphate. When glucose-6-phosphate (G6P, 15 pmole/ 
ml.) was added to the control preparations, fatty acid synthesis was either 
-uninfluenced, or was slightly stimulated in the presence of low concen- 
trations of ATP (Fig. 7). Cholesterol synthesis showed little change, 
except in the presence of high concentrations of ATP, when inhibition 
was always observed (Fig. 8). In the treated preparations G6P stimu- 
- lated fatty acid synthesis at all concentrations of ATP tested (Fig. 7), but 
in no case did it restore synthesis to the normal level. Cholesterol syn- 
thesis in the treated preparations was stimulated at all concentrations of 
ATP and in one experiment (shown in Fig. 8) it was restored to the level 
observed in the control preparation without added ATP. 

Effect of iso-citrate. Since the soluble fraction of the liver cell contains 
2so-citrate dehydrogenase (an enzyme catalysing the oxidation of iso-citrate 
by TPN), the addition of iso-citrate to the S,. Should increase the supply 
of TPNH. However, the oxidation of iso-citrate gives rise to CO,, and 
this is known to stimulate the synthesis of fatty acids from acetate by the 
malonyl co-enzyme-A (CoA) pathway (see Discussion). We have shown 
elsewhere (Fletcher & Myant, 1961) that fatty acids in our 8,, prepara- 
tions are synthesized by this pathway. It was therefore necessary to 
work with a concentration of HCO,- optimal for fatty acid synthesis if 
we were to distinguish between a stimulatory action of iso-citrate on 
fatty acid synthesis due to TPNH generation, and one due to an increase 
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in HCO,~ concentration. Preliminary experiments showed that fatty 
acid synthesis increased to a maximum as the concentration of HCO,- 
was raised to 30 wmole/ml. and that inhibition occurred at higher con- 
centrations. A concentration of 30 umole/ml. HCO,~ was therefore chosen 
for the experiments with iso-citrate. 

Figure 12(a, 6) shows the results of an experiment in which the treated 
8,» fraction was obtained from a group of rats given 50 ug thyroxine/day. 
Synthesis of both cholesterol and fatty acids was reduced to less than 10 °% 
of that in the control preparation. When the concentration of added ATP 
was raised from 0 to 10 pmole/ml. synthesis of fatty acids increased pro- 
gressively in the treated preparation, though it did not reach the maximum 
value observed.in the controls. When DL-iso-citrate (6 wmole/ml.) was 
added, fatty acid synthesis at a given concentration of ATP was un- 
changed in the control, but was stimulated in the treated preparation; 
with iso-citrate in the presence of 10 npmole ATP/ml., synthesis of fatty 
acids in the treated preparation reached a higher level than that observed 
in the control. 

Cholesterol synthesis in the treated preparation was restored almost to 
the control level by the addition of 10 ymole ATP/ml. At all concentra- 
tions of ATP, iso-citrate yan cholesterol synthesis in both treated 
and control preparations. 


Effect of TPN, DPNH and co-enzyme A 

When the concentration of TPN was increased above that already 
present in the standard medium, synthesis of fatty acids and cholesterol 
was reduced, both in the control and treated preparations, and in the 
presence of increasing concentrations of ATP (Fig. 13). When the con- 
centration of DPNH was increased in the standard medium with 3 »mole 
ATP/ml., fatty acid and cholesterol synthesis was depressed i in both treated 
and control §,, preparations (Table 1). The addition of co-enzyme A 
(0-05 pmole/ml.) to the standard medium supplemented with ATP had 
no effect on fatty acid synthesis, either in the control or in the treated 
S,>, but cholesterol synthesis was stimulated to an equal extent in both 
preparations (Table 1). CoA at concentrations greater than 0-1 »mole/ml. 
depressed cholesterol synthesis in both preparations. 


by 


Relation between fatty acid and cholesterol synthesis 
The results reported here and in our two earlier papers (Fletcher & 
Myant, 1958, 1960) show that in certain conditions the synthesis of 
cholesterol is related reciprocally to that of fatty acids. In the S,, from 
normal rats, for instance, fatty acid synthesis is stimulated by increasing 
the concentration of ATP to 4 umole/ml., whereas cholesterol synthesis 
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(a) 


Cholesterol synthesis 


T 
Added ATP (umole/mi.) 


+ 
14 


Fatty acid synthesis 


100 
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15 


5 10 
Added ATP (zmole/ml.) 


Fig. 12. Effect of pi-iso-citrate (20 umole/ml.), in the presence of varying con- 
centrations of ATP, on cholesterol (a) and fatty acid (b) synthesis.in 8,, from control 
rats and from rats injected with 50 ug thyroxine/day for 9 days. Samples incu- 
bated in standard medium with 30 umole HCO,—/ml. at 37°C for 2hr. Values 
expressed as % synthesis in control §,, with no iso-citrate and no added ATP. 
O—O, control with no iso-citrate; @—@® treated with no iso-citrate; A--——A, 
control with iso-citrate; A-—-A, treated with iso-citrate. 
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is inhibited. Similarly, in liver slices from thyroxine-treated rats and in 
the S,) from rats given small doses of thyroxine, cholesterol synthesis is 
increased and fatty acid synthesis is depressed. This relationship suggests 
that the two biosyntheses are interdependent. We have shown elsewhere 
(Fletcher & Myant, 1961) that synthesis of fatty acids in the S,, can be 
modified by the addition of avidin without influencing cholesterol syn- 
thesis. Nevertheless, it seemed worth while examining this point in more 
detail. The effect of increasing concentrations of ATP on cholesterol 
synthesis in the S,) was tested in the presence of enough avidin to inhibit 
fatty acid synthesis to about 20% of the normal level. At the lower 


Fatty acid synthesis 


Cholesterol synthesis 


01 0-2 
TPN added to standard medium (zmole/ml.) 


Fig. 13. Effect of TPN on synthesis of fatty acids (O, @) and cholesterol (A, A) in 
control (O, A)'and treated (@, A) 8, fractions with no added ATP and with 
3 umole added ATP/ml. Treated rats given 30 pg t-thyroxine/day for 9 days. 
Samples incubated at 37° C for 2 hr in standard medium supplemented with TPN. 
at the concentrations shown. Values expressed as % synthesis in control 8,) in 
standard medium with 0-05 umole TPN/ml. ATP concentrations as shown in Fig. 


TaBLE 1. Effect of DPNH and CoA on fatty acid and cholesterol synthesis in control and 
treated §,) samples incubated for 2 hr in standard medium with 3 uymole ATP/ml., with and 
_ without DPNH (0-1 pmole/ml. in addition to that already present) or CoA (0-05 umole/ 
_ mi.). Values show average umole 1-'C-acetate incorporated/g liver during incubation of 
paired samples. Treated rats given 30 yg thyroxine/day 


_ Synthesis of lipids in Standard 
medium 
+ATP +ATP 
+ATP +DPNH +CoA 
Fatty acids Control 0-213 0-174 — 0-204 
Treated 0-026 0-022 0-027 
Cholesterol Control — 0-420 0-271 0-497 


(x10) — Treated 0-072 0-054 0-088 


4 

A 

~~ 
~ SSMATP=3 
ATP =3 ~ 
“A 
ATP=3 ATP =0 ATP =0 

ATP=0 

ATP=3 

ATP=0 | 

4 


558 K. FLETCHER AND N. B. MYANT 


concentrations of ATP, inhibition of fatty acid synthesis led to a slight 
increase in cholesterol synthesis (Fig. 14), but the inhibitory action of 
ATP at high concentrations was just as marked when fatty acid synthesis 
was inhibited as it was in the absence of avidin. 


Synthesis of cholesterol and fatty acids 
(100 = synthesis with no avidin and no ATP) 


2 G34 8 10 
Concentration of added ATP (umole/ml.) 


Fig. 14. Effect of avidin on fatty acid (O, @) and cholesterol (A, A) synthesis in 
S,> from normal rat. liver incubated at 37 °C for 2 hr in standard medium with 
ATP at increasing concentrations. Avidin added equivalent to 2 ug biotin/3-5 ml. 
incubation mixture. O, A, no avidin; @, A, with avidin. Values expressed as % 
synthesis with no added ATP and no avidin. 


DISCUSSION 
Depression of lipid synthesis in 84» pe 
Toxic doses of thyroid hormone have been known for many years to 
cause a fall in the glycogen content of the liver (Parhon, 1913). Our 
observations show that there is a significant fall in liver glycogen after 
the smallest doses capable of depressing lipid synthesis in the §,, fraction. 
' This is consistent with our conclusion (Fletcher & Myant, 1960) that a 


shortage of glycogen is the most important cause of the depression of 


lipid synthesis in the S,). The experiments on the effect of adding glycogen 
to the treated 8,, show that glycogen normally supplies energy for the 
resynthesis of ATP (Fig. 4). This, together with the finding that ATP 
stimulates lipid synthesis in the treated preparations, also supports our 
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suggestion that the fall in glycogen acts, at least in part, by producing a 
shortage of ATP during the incubation. The diminution in the concentra- 
tion of pre-formed ATP in the 8,, may also contribute to the depression 
of lipid synthesis. However, the amount of lipid synthesized during the 
2-hr period probably depends more upon ATP regenerated throughout 
the incubation than upon the amount initially present, since ATP dis- 
appears rapidly unless glycogen is present (Fig. 3). 

A lack of ATP could, by itself, account for the depression of cholesterol 
synthesis observed after doses of 30 yg of thyroxine, since ATP usually 
restored synthesis to the normal level. The failure to restore fatty acid 
synthesis completely with ATP alone, especially after the larger doses of 
thyroxine, suggests that the depression of this synthesis is due to a de- 
ficiency of other cofactors, in addition to that of ATP. The results of Table 1 
show that there is no shortage of DPNH or CoA in the treated 8,,, but the 
stimulatory effect of iso-citrate points to a failure to supply enough TPNH 
for fatty acid synthesis. This, in turn, could be due to the low glycogen 
content of the 8,9, since TPNH is generated in the cell sap partly by the 
oxidation of G6P, which may arise from the break-down of glycogen. The 
stimulatory effect of G6P is also consistent with a shortage of TPNH, 
although it is impossible to tell whether this effect is due to the formation 
of TPNH, of ATP, or of both, since G6P generates ATP as well as TPNH. 
Glock & McLean (1955) have shown that large doses of thyroxine reduce 
the concentration of total triphosphopyridine nucleotide (TPN+TPNH) . 
in whole liver. However, this may not be relevant to what happens in the 
Sio fraction after daily doses of 30-50 ug thyroxine; the inhibitory effect 
of TPN (Fig. 13) shows that there is no shortage of this cofactor in our 
preparations. | 

Although a shortage of TPNH may be one of the factors causing a 
depression of fatty acid synthesis in the treated 8,9, it does not seem to 
contribute to the depression of cholesterol synthesis, since this was never 
stimulated by iso-citrate. Presumably the enzyme systems that synthesize 
cholesterol are less sensitive to a fall in TPNH than are those taking part 
in fatty acid synthesis. 

Fatty acid synthesis could never be restored to the maximum in the 
controls by adding ATP and iso-citrate in excess. The depression in the 
treated §,, cannot, therefore, be fully explained by a shortage of ATP and 
TPNH. Thyroxine must have some other effect, in addition to that of 
causing a shortage of the cofactors generated by glycogen in the control 
Sio fraction, but we do not know what this is. Possibly, treatment with 
thyroxine diminishes the activity of some of the enzymes that synthesize 
fatty acids in the liver. The observations on dialysed S,, preparations 
are consistent with this, in that fatty acid synthesis was usually less in 
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the treated than in the control preparation when both were dialysed and 
tested in the standard medium supplemented with the same substances 
(CoA, ATP and glycogen). 


Effect of thyroxine on lipid synthesis in liver slices 
Treatment with thyroxine brings about a fall in the ATP concentration 
in the whole liver, detectable after the smallest doses capable of influencing 
lipid synthesis (Fig. 2). Other workers (Chilson & Sacks, 1959; Chatagner 
& Gautheron, 1960) have observed this effect of thyroxine, though not 


with doses as small as those we have used. Since ATP in the whole cell is — 


normally regenerated in the mitochondria, the fall in ATP concentration 
cannot be explained by the low glycogen content of the liver in thyroxine- 
treated rats. Thyroxine added in vitro is known to inhibit oxidative phos- 
phorylation in mitochondria, either directly (Hoch & Lipmann, 1954) or 
indirectly by accelerating mitochondrial swelling (Tapley, 1956). However, 
the evidence that thyroxine affects oxidative phosphorylation in vivo is 
based on experiments in which animals were treated with doses of thy- 
roxine many times larger than those used in this work (Tapley, 1956; 
Lee, Takemori & Lardy, 1959). Moreover, observations on the liver 
mitochondria of our control and treated rats (K. Fletcher, N. B. Myant, 
and D. D. Tyler, unpublished) have shown either no differences in the 
efficiency of oxidative phosphorylation, or differences that seem to be 
too small to account for the observed fall in the ATP content of the whole 
liver. It’ has been claimed that thyroxine stimulates a mitochondrial 
ATP-ase (Maley, 1957), but if this were the cause of the fall in ATP in 
the livers of the treated rats a decrease in the efficiency of oxidative 
phosphorylation should be readily detectable in the mitochondria. 
Possibly, high-energy phosphate is generated normally in the liver mito- 
chondria of the treated rats and is destroyed abnormally rapidly in the 
cell sap. However, this is difficult to reconcile with our finding that the 
rate of disappearance of ATP is normal in treated S,, preparations en- 
riched with glycogen (Fig. 4). 

The fall in ATP in the whole cell, however it may be brought about, 
would be expected to lead to a depression of fatty acid synthesis in 
slices from treated livers. The findings in the S,, preparation suggest that 
there may also be a shortage of TPNH owing to the low glycogen content 
of the liver cells, and that there may be a reduction in the activity of the 
fatty-acid-synthesizing enzymes. Thus, our findings provide a reasonable 
explanation of the effect of thyroxine treatment on fatty acid synthesis 
in slices. However, cholesterol synthesis from acetate is always stimu- 


lated in slices from thyroxine-treated rats (Fletcher & Myant, 1958). 
This raises the question whether a stimulation in the whole cell can be 
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explained by the effects that we have observed in the §,, fraction. In this 
connexion it is relevant to consider how far the syntheses of fatty acids and 
cholesterol are interdependent, both in the §,, fraction of the liver med in 
_ the whole cell. 

It has been shown (Fletcher & Myant, 1961) that in the §,, fractions 
used in this work fatty acids are synthesized by the ‘malonate’ pathway 
discovered by Brady (1958) and Wakil (1958). Acetate, after activation 
to acetyl CoA, is converted to malonyl CoA by the addition of CO,. 
The fatty acid molecule is then built up by the condensation of units of | 
malonyl CoA. In addition to ATP and CoA, TPNH and possibly DPNH 
are required as cofactors. The formation of acetyl CoA is also the first 
step in the synthesis of cholesterol, but the next step is the formation of 
aceto-acetyl CoA and not of malonyl CoA. ATP, CoA and TPNH are 
also required for this synthesis. Thus, the two biosynthetic pathways 
share a single precursor (acetate) and at least three cofactors. A change 
in the amount of lipid synthesized by one pathway might, therefore, be 
expected to influence the amount synthesized by the other. It is unlikely 
that competition for acetate influences the relative rates of the two 
syntheses in the §,,, since it was added in excess. There could, however, 
be competition for some cofactor. Let us suppose that fatty acid synthesis 
is limited by the supply of ATP and that cholesterol synthesis is limited 
by the amount of some other cofactor (x) common to the two pathways. 
An increase in ATP would stimulate fatty acid synthesis and this would 
lead to a fall in the amount of z available, and, hence, to a depression of 
cholesterol synthesis (as in Fig. 5). Similarly, a fall in ATP would depress 
fatty acid synthesis and so release more of x. Provided the concentration 
of ATP were not so low as to limit cholesterol synthesis, this would 
increase. At lower concentrations of ATP both fatty acid and cholesterol 
synthesis would be depressed. 

This hypothesis depends on the assumption that fatty acid and choles- 
terol synthesis are, in fact, interdependent. Against this, we have shown 
that in the S,, fraction it is possible to produce large changes in fatty acid 
synthesis without changing cholesterol synthesis (Fletcher & Myant, 
1961). This suggests that, in the conditions in which synthesis is observed 
in the 8,9, the two pathways are not closely linked by competition for 
cofactors. The finding that ATP still inhibits cholesterol synthesis when 
fatty acid synthesis is suppressed by avidin (Fig. 14) is also inconsistent 
with the explanation we have suggested above for the action of ATP on 
cholesterol synthesis in the control §,) fractions. However, the concentra- 
tions of endogenous cofactors in the whole cell probably differ widely 
from the concentrations of added cofactors in the §,, fraction. It is pos- 
sible, therefore, that conditions in liver slices are such as to favour com- 
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petition of the type discussed above. In this case, a fall in the concentra- 
tion of ATP might lead to an increase in cholesterol synthesis. It is, per- 
haps, relevant that Bloomfield & Bloch (1960) have shown that sterol 
synthesis from acetate is increased in a biotin-requiring strain of yeast 
when fatty acid synthesis is reduced by withholding biotin from the 
incubation medium. | 

Another factor which may help to explain how a shortage of ATP could 
cause a rise in cholesterol synthesis is suggested by the ATP concentra- 
tion curves from dialysed preparations (Fig. 10). These curves show that 
the optimal concentration of ATP is about 0-5 ymole/ml. for cholesterol 
synthesis and is about 3 wmole/ml. for fatty acid synthesis. A similar 
optimal concentration of ATP for cholesterol synthesis was also found by 
Knauss, Porter & Wasson (1959). The concentration of ATP in the livers 
of the untreated rats used in this work was 2-4 ymole/g wet liver (Fig. 2). 
If, therefore, the relationship between ATP concentration and lipid 
synthesis is the same in the whole cell as it is in the 8,9, a fall in liver ATP 
comparable with that shown in Fig. 2 would be expected to lead to an 
increase in cholesterol synthesis in liver slices. 

Finally, in the dialysed preparations synthesis of cholesterol was always 
greater in the treated than in the control preparations (Fig. 10). Further- 
more, when glycogen was added to the treated 8,,, cholesterol synthesis 
was usually 2-3 times as great as that in the controls (Fig. 9). These 
observations suggest that the activity of the cholesterol-synthesizing 
enzymes per unit weight of tissue is increased in the treated preparations. 


| SUMMARY 
1. When rats are given doses of thyroxine increasing from 10 to 
_ 50 pg/day, there is a progressive fall in the concentration of glycogen and 
adenosine triphosphate (ATP) in the liver. The fall in glycogen is asso- 
ciated with a depression of a of fatty acids and cholesterol in the 
fraction. 

2. The depression of cholesterol synthesis can usually be reversed 
by ATP; that of fatty acids can be partially reversed by ATP plus a 
generator of reduced triphosphopyridine nucleotide (TPNH). 

3. In §,> fractions from treated rats endogenous and exogenous ATP 
disappears rapidly during incubation unless glycogen is added initially. 
If glycogen is added after the ATP has disappeared, ATP reappears. 
It is concluded that glycogen is the main source of energy for the regenera- 
tion of ATP in the S,, and that the fall in glycogen leads to a shortage of 
the ATP necessary for cholesterol and fatty acid synthesis. A moderate 
shortage of TPNH, sufficient to limit the synthesis of fatty acids but not 
of chonaaenty, may also result from the fall in glycogen. 
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4, The optimal concentration of ATP for cholesterol synthesis in 
dialysed 8,9 preparations is less than the concentration of endogenous ATP 
in normal liver. For fatty acid synthesis the optimal concentration is 
greater than the concentration in normal liver. 

5. It is pointed out that the fall in the ATP content of whole liver after 
thyroxine treatment might explain why cholesterol synthesis is increased, 
and why fatty acid synthesis is depressed, in slices from the livers of 
thyroxine-treated rats (Fletcher & Myant, 1958). , 

6. The possibility that fatty acid and cholesterol synthesis are inter- 
dependent in the whole cell is also discussed. It is shown that this could 
lead to an increase in cholesterol synthesis when fatty acid synthesis is 
limited by a shortage of ATP. 
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SOME FACTORS CONCERNED IN DIFFERENTIAL NERVE 
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The differential blocking of nerve fibres of different sizes by local anaes- 
thetics was first investigated by Gasser & Erlanger (1929). They found 
that within the A fibre group of nerves of the frog and the dog, cocaine 
blocks fibres of smaller diameter and slower conduction rate before larger 
fibres; but as they found that ‘blocking of some of the fast fibres occurs 
before the slow ones’, they were unable to formulate a satisfactory theory 
to account for all the facts they observed. 

The subject was re-investigated by Heinbecker, Bishop & O’Leary (1934) 
using procaine; and they also found that “blocking is not complete in the 
slower somatic group before definite depression, from 30 to 50%, is also 
present in the faster groups’. They concluded ‘that the order of depression 
of the fibres is in general in the inverse order of the diameter of the fibres, 
but that other factors may be involved, such as the character of the axon 
and the thickness of the myelin sheath’. Leksell (1945) found that etho- 
caine (procaine) has a greater effect on the gamma fibres than on the alpha 
fibres of the anterior roots, and it was later found by Matthews and Rush- 
worth (1957) that procaine blocks gamma fibres before alpha fibres. On 
the other hand, Everett & Goodsell (1952) stated that C fibres or ‘small 
slow nerve fibres’ are not more sensitive to procaine than ‘the large fast A 
fibres’, and Everett & Toman (1954) found that ‘A and C groups’ were 
often blocked at the same time. 

Apart from considerations of fibre size and of the presence or absence of 
myelination, it has often been stated that sensory nerve fibres are more sus- 
ceptible to the action of local anaesthetics than motor fibres. MacIntosh 
(1957), for instance, states: ‘It is well known that in local and spinal 
analgesia, sensory nerve fibres are affected before motor.’ This view seems 
to be based on early observations, such as those of Dixon (1905), that — 
cocaine applied to a nerve supplying a muscle blocks reflex contractions 
before it. blocks contractions due to electrical stimulation of the nerve. 
Recent work by Matthews & Rushworth (1957), however, has provided an — 
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alternative explanation; for it now seems probable that the disappearance 
of the reflex effects is due to selective blocking of the small motor (gamma) 
fibres, while the contraction due to nerve stimulation remains as long as 
the alpha fibres remain unblocked. 

The present paper reports observations on the effects of local anaes- 
thetics on conduction in fibres of the spinal roots; on the order of block 
within the A group of fibres; and on the order of block of the non-mye- 
linated fibres compared to the myelinated. Further, it elucidates some of 
the factors giving rise to differential blocking; and it proposes an explana- 
tion of the inconsistency concerning blocking of fibres of different sizes. 


METHODS 


The methods are essentially the same as those given in a previous paper (Nathan & Sears, 
1960a). The experiments were performed on a total of 22 cats, anaesthetized with Nembutal 
(pentobarbitone, Abbott Laboratories; 35-40 mg/kg) given by intraperitoneal injection. 
In all the experiments the local anaesthetics were applied to the nerve roots. The lumbo- 
sacral roots and various nerves of the hind limb and tail were made available for stimulation 
or for recording. For studying the effects of the anaesthetics on the A fibres of the posterior 
roots the stimulating electrodes were applied to the roots and the recording was made from 
the peripheral nerve; as the peripheral nerves were divided distally, this recording of anti- 
dromic conduction produced records free from spontaneous afferent impulses without the 
need of widespread de-afferentation. In experiments on anterior roots both orthodromic and 
antidromic conduction were used. For studying the effects of anaesthetics on the C fibres, 
the limb-nerve preparations were unsuitable, owing to the excessive temporal dispersion of 
the impulses over the conduction distances encountered. It was found that the roots inner- 
vating the tail formed a suitable preparation. The laminectomy was continued to the proxi- 
mal vertebrae of the tail, which exposed suitable lengths of roots ensheathed by dura mater. 
The roots were divided distally close to their intervertebral foramina and were placed on 
stimulating electrodes; the corresponding posterior roots were cut close to the spinal cord, 
passed through the chamber (described below), and placed on recording electrodes. In this 
preparation the conduction distance is shorter than in the limb-nerve spinal root preparation, 
and as stimulation and recording is from the same root, divided at each end, the recording is 
free from spontaneous afferent impulses from the periphery. 

The stimulating and recording methods were the same as those used previously, except 
that square-wave voltage pulses were used for stimulating the C fibres, whereas previously 
condenser discharges had been used. The stimulator output was fed through a four-position 
selector switch to one of four separate potentiometers. At the beginning of an experiment 
each potentiometer could be adjusted to provide a stimulus, the intensity of which was 
adequate to excite only large fibres or both large and small fibres, according to the require- 
ments of the experiment. It was thus possible during an experiment to select quickly a 
pre-set stimulus intensity which was known only to excite fibres of a given conduction rate; 
this procedure allowed a comparison to be made between the selective activation of the 
fibre group by electrical stimulation and the degree of differential blocking caused by the 
local anaesthetic. In all experiments the stimulus repetition interval was 1 sec. 


‘hurdle’ two or three inactive nodes was taken into account. According to Visozo & Young 
(1948) the longest internode of mammalian fibres is 1-5 mm. The internal diameter of the 
chamber used was 8 mm; and therefore it contained at least 5 nodes of the largest fibres. 
The chamber, made of Perspex, is illustrated in Fig. 1. Its cubic capacity is 1 ml. The 


In designing a chamber for the application of the solutions the ability of the impulse to. 
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filament of nerve root was passed through the holes on either side of the chamber; this was 
carried out by tying a thread of fine silk to the cut end of the filament, threading the silk 
through a fine needle, and passing the needle through the holes in the chamber. The chamber 
was then placed deep in the trough formed by the laminectomy, in such a position that the 
hole on one side of the chamber was close to the region where the root passes through the 
dura mater. The silk was then gently pulled so as to draw as great a length as possible of the 
root through the chamber, without causing it to be kinked or pressed on; low-power magni- 
fication was used to control this procedure. The circular channel of the chamber was then 
packed with soft wax, which was firmly pressed round the nerve root, so as to make the 


n 


Fig. 1. Elevation and plan views of Perspex chambers; c, channel—shaded part is 
the part filled with Perspex cement; n, filament of nerve root passing through 
chamber; 8, supporting rod. 


junction between the hole and the root watertight. The wax was made from a mixture of 
paraffin wax (m.p. 56° C) and white soft paraffin, melted, mixed together, and allowed to 
cool. The proximal end of the root was placed on platinum electrodes supported near the 
chamber. If sampling then showed that the preparation was satisfactory for displaying both 
the fast-conducting and slowly-conducting fibres (which is not always the case), the entire 
trough formed by the laminectomy was covered by paraffin oil equilibrated with oxygen and 
carbon dioxide. The Perspex chamber which projected above the level of the paraffin oil was 
filled with Ringer—Locke solution. 

The local anaesthetics used were cocaine, procaine and lignocaine. They were dissolved 
either in Ringer—Locke solution or in a modified Krebs—Henseleit solution. The Ringer— 
Locke solution had the following composition (mm): NaCl, 145; KCl, 5-7; CaCl,, 2-2; 
NaHCO,, 2-1; glucose, 5-5. The Krebs—Henseleit solution was closely similar to that modified 
by Diamond, Gray & Inman (1958), and had the following composition (mm): NaCl, 145; 
CaCl,, 2-5; MgSO,, 1-2; KH,PO,, 0-58; K,HPO,, 2-5; glucose, 5-5. This solution differed from 
that of Diamond et? al. in that no HCl was added to it. The reason for using this solution 
was that some of the experiments reported here were done in conjunction with experiments 
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on the differential blocking induced by sodium-deficient solutions {Nathan & Sears, 19605). 
The pH of the solutions was tested on a pH meter and was found to lie between 7 and 7-4. 
Before use they were equilibrated with 5% CO, and 95 % O,. 

The nomenclature used here for labelling the fibre groups combines various current 
usages. Thus, following Erlanger & Gasser (1937), the A fibres conducting at 80-120 m/sec 
are called alpha fibres, those conducting from 60 to 80 m/sec are called beta, those con- 
ducting from 40 to 60 m/sec are called gamma, and those conducting at rates of less than 
40 m/sec are called delta. The term ‘fast-conducting’ applied to the nerve fibres of the 
lumbosacral roots refers to the alpha and beta fibres, such as those supplying the extrafusal 
muscle fibres. The small fibres of the anterior root are referred to in the literature as either 
the small-fibre groups or as the gamma group. Here they will be called the gamma-delta 
fibres, because their conduction rates were found to be between 15 and 50 m/sec, with a peak 
at 30 m/sec. This same range was found by Kuffler, Hunt & Quilliam (1951). In the tail- 
nerve preparation the fastest conducting fibres were found to be in the gamma range. 


RESULTS 
Differential rate of blocking of fibre growps 

When local anaesthetics are applied to spinal roots, the constituent 
nerve fibres are blocked at times which are related to their conduction 
rates; yet some of the faster-conducting fibres are blocked at the same time 
as some more slowly-conducting fibres. This form of differential blocking 
was found in all experiments when the concentration of anaesthetic was 
0-1% or higher. A typical experiment showing this form of differential 
blocking is illustrated in Fig. 2. Procaine 0-1% in modified Krebs— 
Henseleit solution was applied to the first sacral posterior root; the root 
was stimulated and the recording was made from the sciatic nerve. The 
conduction rate of the fibres (measured to the peaks of the waves) was 
80 m/sec for the alpha group, 65 m/sec for the beta group, and 12-19 m/ 
sec for the delta group. The records on the left display the action potentials 
of the fast-conducting fibres, and those on the right display the action 
potentials of the slowly-conducting fibres. The latter consist of 10 super- 
imposed sweeps: 5 sweeps were recorded at a stimulus intensity which, 
before the application of the procaine, had been adjusted to be below 
threshold for the delta group; the other 5 sweeps were recorded at a 
stimulus intensity giving a maximal response of this group of fibres. 


Within 45 sec of filling the chamber with 0:1 % procaine in modified — 


Krebs—Henseleit solution the wave of the delta group was considerably 
reduced. The height of the alpha spike at this time was diminished by 
4%; the beta wave, which in the control record appears as the notch in 
the descending phase of the alpha spike, was diminished by 20% of the 
original height of the notch on the alpha spike. By 2 min 15 sec the delta 
wave had gone, to the extent that the record was barely distinguishable 
from that obtained with the stimulus intensity set below threshold for 
these small fibres; at this time the alpha spike was reduced by 8%. The 
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fall-out of the delta wave can also be seen in the records taken at low 
amplification. At 4 min 45 sec the alpha spike was reduced by 24 % of its 
original height and at 6 min 45 sec by 40%. 

This experiment demonstrates that at a time when all the slowly-con- 
ducting fibres were blocked a proportion of the fast-conducting fibres was 


[2 mV [200 pv 
all 


Fig. 2. Effect of 0-1% procaine in modified Krebs-Henseleit solution on con- 
duction in A fibres. Left-hand column, low amplification, to show fast-conducting 
fibres (alpha-beta), 5 sweeps superimposed. Right-hand column, high amplifica- 
tion, to show slowly-conducting fibres (delta), 10 sweeps superimposed; 5 of the — 
sweeps made with stimulus intensity below threshold for slowly-conducting fibres. 
Records at the two different amplifications were made one immediately after the 
other; the time stated is that of the middle of the recording period. a, before 
application of procaine; b, c, d, e, 45 sec, 2 min 15 sec, 4 min 45sec, 6 min 45 sec 
after application. Time marker, 1 and 5 msec intervals. 


still conducting; it also shows that some of the fast-conducting fibres were 
blocked early, although subsequently the rate of blocking of this group 
was slower than that of the slowly-conducting fibres. This form of dif- 
ferential blocking, in which one or more groups of fibres tend to be blocked _ 
more rapidly than others and in which eventually all fibres are blocked, we 
shall refer to as differential rate of blocking. 
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It is of interest to note that when local anaesthetics are applied to spinal 


roots blocking of some of the fibres occurs just as quickly as it does when — 


anaesthetics are applied to isolated single nerve fibres or to de-sheathed 
peripheral nerves, that is, within seconds of applying the solution. 
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Fig. 3. Effect of 0-5% procaine in modified Krebs—Henseleit solution on conduc- © 
tion in A fibres. Left-hand, low amplification, 5 sweeps superimposed. Right-hand, 
high amplification, 5. sweeps below threshold, 5 sweeps maximal for delta fibres. 
a, before application of procaine; 6, 5-10 sec; c, 1 min 5 sec; d, e, 1 min 55 sec, 
3 min after application. Time marker, 1 and 5 msec intervals. 


The effect of applying a higher concentration is shown by the experi- 
ment illustrated in Fig. 3. Procaine 0-5°% in modified Krebs—Henseleit 
solution was applied to the same root as was used for the experiment 
illustrated in Fig. 2. By comparing Figs. 2 and 3 it is seen that 5-10 sec 
after applying this higher concentration of anaesthetic the delta wave was 
reduced by an amount similar to that occurring 45 sec after applying the 
weaker concentration. The alpha wave in Fig. 3, recorded within the next 
5 sec, had already fallen by 12%. The record taken at 1 min, with the 
higher concentration of anaesthetic, showed no trace of the delta wave, 
while the alpha wave, recorded a few seconds later, showed a reduction 
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of 46 Y, of its original height. At 1 min 55 sec the alpha wave was reduced 
by 74% and by 3 min only a trace of it remained. It can be seen that, at a 
time when the height of the delta wave was reduced by similar amounts in 
the two experiments, with the low concentration of anaesthetic the reduc- 
tion in the alpha wave was 4% and with the high concentration it was 
12%. And when in both experiments the delta wave had gone, with the 
low concentration the reduction in the alpha wave was 8 % and with the 
high concentration it was 46%. It is concluded from these two experi- 
ments and 11 others (9 with procaine and 2 with cocaine), in which the 
differential effect of two different concentrations of the same anaesthetic 
was examined on the same root, that the greatest degree of differential 
blocking occurs with weaker solutions. 

In one respect the results obtained from applying the anaesthetics to 
spinal roots seem to differ from those observed when they are applied to 
peripheral nerves. Those working on peripheral nerves, for instance 
Matthews & Rushworth (1957), observed soon after the application of the 
anaesthetic a temporary phase during which there was blocking of most 
of the small fibres without blocking of many of the large fibres; this phase 
was followed eventually by blocking of all the large fibres. It was in this 
sense that Gasser & Erlanger (1929) stated ‘small fibres were blocked 
before large ones’. But when the anaesthetic is applied to spinal roots, 
blocking of some large and of some small fibres occurs early and simul- 
taneously, although subsequently the blocking of the fibres as a group still 
_ occurs at a differential rate. 


Absolute differential blocking of fibre groups 

Myelinated fibres. The question next arises whether there are concentra- 
tions of anaesthetics that will selectively block all small fibres without 
blocking the larger fibres. The effects of applying a low concentration of 
anaesthetic to an anterior root and then increasing the concentration are 
illustrated in Fig. 4. The nerve to the hamstrings was stimulated, and 
recording was made from the first sacral anterior root. The conduction 
_ rates of the fast-conducting fibres was 70 m/sec (measured to the peak) and 
of the slowly-conducting fibres was from 18 to 35 m/sec. The first con- 
centration of procaine in modified Krebs—Henseleit solution applied was 
0-03%. After this solution had surrounded the root for 21 min, the wave 
due to the slowly-conducting fibres was slightly modified in form and 
both its components showed some reduction in height; the latency to the 
foot of the wave was increased by 0-2—0-3 msec. After 22 min this solution 
was replaced by a 0-04 % solution. After this solution had been applied for 
18 min, with no further changes of the slowly-conducted wave and no effect 
on the fast-conducted wave, it was replaced by a 0-05 % solution. After 
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this solution had surrounded the root for 15 min the height of the wave 
of the fast-conducting fibres still remained undiminished; there was a 
further slight alteration in form of the slowly-conducted wave and a 
further increase in its latency, but it may be seen that the majority of the 
fibres of this group were still conducting. When this solution was replaced 
_ 2min later by a 0-06 % solution of procaine there was a rapid decrease in 
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Fig. 4. Effect of 0-03, 0-05 and 0-06 % procaine in modified Krebs—Henseleit solu- 
tion on conduction in A fibres. Each record consists of 5 superimposed sweeps. 
a, before application of procaine; b, 21 min after application of 0-03 % procaine; 
c, 15 min after application of 0-05 % procaine; d, 19 min after application of 0-06 % 
procaine; ¢, 62 min after application of 0-06 % procaine (120 min after application 
of the first procaine solution). Time marker 1 and 5 msec intervals. | 


amplitude of the slowly-conducted wave. Nineteen minutes after applying 
the 0-06 % solution only a trace of this wave was seen, whereas the fast- 
conducted wave remained unaltered. At the final observation, made 
62 min after the application of the 0-06 % solution (120 min after the start 
of the experiment), there was no change in the fast-conducted wave; but 
all trace of the slowly-conducted wave had gone. 
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_ In this series of experiments, the concentration of the anaesthetic must 
have been adequate throughout the root to block all the smaller mye- 
linated fibres present; yet such a concentration has failed to block the 
larger fibres. This form of differential blocking we shall refer to as absolute 
differential blocking. 

The concentrations of anaesthetic that give absolute differential block- 
ing of the gamma-delta group while leaving the alpha-beta group un- 
affected have been found to be fairly constant. The exact concentration, 
however, differs according to whether the solvent is Ringer—Locke 
solution or modified Krebs—Henseleit solution. The former solution behaves 
as if there is more procaine base available, which may be due to small 
differences in the pH of the two solutions. With regard to the concentrations 
needed to block the small fibres of the anterior roots without blocking 
the large fibres, it has been found that procaine at a concentration of 
0-01% in either solution has no effect on conduction of either group of 
fibres. At a concentration of 0-02 % slowing in the conduction rate of the — 
gamma-delta group is seen, but there is no reduction in the amplitude of 
the action potential; there is no effect on conduction of the alpha-beta 
group. Procaine in Krebs—Henseleit solution at concentrations of 0-03— 
0-06 °%, causes progressively increasing slowing in conduction rate com- 
bined with blocking of the fibres of the gamma-delta group, the 0-06 % 
solution blocking all fibres of this group. These concentrations have no 
effect on the alpa-beta fibres. The corresponding concentrations of pro- 
caine in Ringer—Locke solution for blocking the gamma-delta group with- 
out affecting the alpha-beta group was found to be 0-04 % to 0-05 %. 

When concentrations of anaesthetic are used that are just critical for a 
given group of fibres, following removal of the anaesthetic solution, re- 
covery of conduction is rapid. For instance, in the experiment illustrated 
in Fig. 4, even though the small fibres had been blocked for 60 min, a pro- 
portion of them recovered within 2 min of replacing the anaesthetic by — 
modified Krebs—Henseleit solution. 

To determine the concentration of anaesthetic that is critical for 
blocking smaller delta fibres, experiments were done on the tail-nerve 
preparation; in these roots there is a group of delta fibres with a slower 
conduction rate than that of the delta fibres of the lumbar and first 
sacral anterior roots. An experiment typical of this series is illustrated in 
the left-hand column of Fig. 5. The conduction rate of the slowly-conducting 
group of delta fibres was 9-6-11-6 m/sec; the wave due to this group is seen 
as the large wave rising from the downstroke of the wave due to the fast- 
conducting fibres, the peak of which is off the record. Procaine 0-01 % 
in Ringer—Locke solution was applied. Within 2 min 40 sec the height of 
this wave had diminished by about 50%; by 18 min the wave had gone. 
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Thus this concentration of procaine was critical or supra-critical for this 
group of small delta fibres; it did not affect conduction in the fibres with 
- eonduction rates around 40 m/sec. From experiments performed before 
this series on the more slowly-conducting delta fibres it had already been 


Fig. 5. Effect of 0-01 and 0-02 % procaine in Ringer—Locke solution on conduction 
in delta fibres and C fibres; delta fibres on left, C fibres on right. Delta fibres’ com- 
ponent follows high-voltage spike of large fibres, which is off the trace at this ampli- 
fication. Delta fibres record consists of 5 superimposed sweeps, C fibres record 
consists of single sweeps. a, before application of procaine; b, c (left-hand column), 
2 mim 40 sec, 18 min after application of 0-01 % procaine; (right-hand column), 
2 min, 19 min after application of 0-01 % procaine; d (both columns), 30 sec after 
application of 0-02 % procaine. Time marker, 1, 5 and 20 msec intervals. 


found that this concentration of procaine has no effect on conduction in 
larger, faster-conducting fibres. 

Experiments on the tail-nerve preparation with cocaine gave similar 
results. It was possible to block all fibres with a conduction rate of 11— 
14 m/sec or less without blocking conduction of fibres conducting at rates 
around 40 m/sec. The concentration of cocaine that is just critical for these 
smaller fibres is 0-02 % in Ringer—Locke solution; concentrations slightly 
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higher than this, block mae with conduction rates between 30. and 
40 m/sec. 
Myelinated and. C fibres. The next which arises is whether 
there are critical concentrations for the C fibres that block their conduction 
without affecting the myelinated fibres of the A group. 
Before illustrating experiments that answer this question, mention must 
be made of the marked slowing of conduction rate that occurs in the C 
fibres with low concentrations of anaesthetics. This slowing in conduction 
rate is combined with blocking of many of the fibres. The combination of 
blocking and slowing in conduction rate causes an alteration in the form of 
the C fibres’ action potential, and this makes a quantitative estimation less 
reliable than in the case of the myelinated fibres. 
For the investigation of absolute differential blocking of C fibres, most 
experiments were done on the tail-nerve preparation; the concentrations 
of anaesthetic tested were those that we had found were critical for blocking 
conduction of the small myelinated fibres. 
The effects of a low concentration of anaesthetic on conduction in the 

C fibres is illustrated in the right-hand column of Fig. 5. In this experi- 
ment, procaine 0-01 °% in Ringer—Locke solution was first applied and it 
was followed later by a 0-02 % solution. The slowing of conduction rate 
of the C fibres can be seen: in the control records, the latency to the peak 
of the C fibres wave was 49 msec; after the root had been 2 min in proeaine 
0-01 %, it was 55 msec, and after 19 min, it was 64 msec. This slowing in 
conduction rate was associated with blocking of a large proportion of the 
fibres, as judged by the area of the wave. Increasing the concentration of 
procaine from 0-01 to 0-02% caused complete block of all the C fibres. 
To compare the concentrations of anaesthetic that are critical for C 
fibres and critical for small myelinated fibres, one may compare the records 
in the right- and left-hand columns of Fig. 5, for they are a typical example. 
It will be seen that procaine 0-01 % in Ringer—Locke solution blocked 
delta fibres with a conduction rate of 9-6-11-6 m/sec, and slowed con- 
duction and blocked a large proportion of the C fibres. Most of the fibres 
of these two groups were blocked simultaneously. Doubling the concen- 
tration of procaine rapidly blocked the rest of the C fibres. 
It was concluded from this and other experiments of the same type that 
concentrations of anaesthetic just sufficient to block the C fibres also block 
small delta fibres; but they are insufficient to block the larger delta fibres, 
or the gamma, beta or alpha fibres. The concentrations found that caused 
this absolute differential blocking were 0-01% for both procaine end 
cocaine in Ringer—Locke solution. | 
In all experiments on the small sipeinated and the C fibres it was boiind 
that'the smallest, most slowly-conducting delta fibres present in the tail- 
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nerve preparation were blocked more rapidly than the C fibres. An experi- 

ment demonstrating this is illustrated in Fig. 6. In this tail-nerve pre- 
paration there were two groups of fibres with conduction rates in the delta 
range; their rates were 9-10 and 5-5-5 m/sec. They are seen as the two 
waves in the centre and later parts of the sweep following the wave due to 
the large fibres, the peak of which is off the record. The record made 3 min 
50 sec after the —— of procaine 0-01 % in modified Krebs-Henseleit 


Fig. 6. Effect of 0-01% procaine in modified Krebs—Henseleit solution on con- 

duction in two groups of delta fibres and C fibres; delta fibres on left side, C fibres 

on right. Delta fibres record consists of 5 superimposed sweeps, C fibres record 

consists of single sweeps. a, before application of procaine; b, c, 3 min 50 sec, 

5 min after application of procaine. Time marker, 1, 5 and 20 msec intervals. 


solution shows all but complete obliteration of the wave of the most 

slowly-conducting delta fibres; it was abolished completely 5 min after 

application of the solution. By this time, the C fibres’ action potential had 
been slightly altered in form and its latency increased from 47 to 53 msec. 

_ When the concentration of the procaine was increased to 0-02%, the C 
fibres’ action potential was rapidly abolished. _ 

From such experiments it is seen that the generally accepted view ‘of 
small fibres being blocked before large does not apply to a comparison 
between C fibres and the smallest myelinated fibres. For the smallest 
delta fibres are blocked with lower concentrations of anaesthetic than the 
C fibres; and when concentrations of anaesthetics adequate to block both 
groups are applied, the smallest delta fibres are blocked first. 

It should be added that as the C fibres of the spinal roots are half the 
diameter of C fibres peripheral to the posterior root ganglia (Gasser, 1955). 
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it may well be that C fibres of peripheral nerves are not blocked with the 
same concentrations of anaesthetic and not in the same order with regard 
to the small myelinated fibres as the C fibres studied here. It may be that 
in peripheral nerves they are blocked simultaneously with larger. delta 
fibres than those shown here and that they require ato concentrations of 

anaesthetic to block them. ! 


DISCUSSION 


We have found, like most investigators of this problem, that small 
myelinated fibres are more susceptible to the ‘action of local anaesthetics 
than large; this is manifest as a differential rate of blocking of the fibres. 
But we find that this order of blocking holds only within the group of A 
fibres. Non-myelinated fibres are not the most susceptible of all fibres to” 
the action of local anaesthetics; the smallest fibres of the A group are 
blocked earlier and with lower concentrations of anaesthetic than the C 
fibres. It has been established in addition that there are critical concen- 
trations of local anaesthetics that block conduction in fibres of one size 
while leaving fibres of larger size still conducting. This form of selective 
blocking we have called absolute differential blocking. | 

The disclosure of absolute differential blocking may be attributed 
to two factors, the application of the anaesthetic directly to the spinal 
roots and the use of low concentrations of anaesthetic. The absence of 
significant barriers to diffusion in the spinal roots allows the concentration | 
of anaesthetic to become uniform fairly rapidly throughout the root. 

The fact that some of the large fibres are blocked at the same time as the 
small fibres has been interpreted by various workers as indicating that 
myelinated fibres do not fall out on a fibre-size basis. In peripheral nerves, 
on which most previous work was done, the sheath is known to act as a 
barrier to diffusion. As the concentration of anaesthetic within the sheath 
rises small fibres would be blocked before large; but as the concentration 
of anaesthetics used by previous workers, including ourselves (Nathan & 
Sears, 1957), have been ‘supra-critical’ for all groups of fibres, the larger 
fibres would eventually also be blocked; though at any time a large pro- 
portion of smaller fibres and a small proportion of larger fibres would be 
blocked. That is the situation of differential rate of blocking. Further, 
local variations in the concentration of anaesthetic within the sheath, due 
to differences in the diffusion pathway for different nerve bundles, and 
also to the possibility of local damage to the sheath during the preparation 
of peripheral nerves, would also lead to blocking of some large fibres before 


all the small ones were blocked. 


It is well known that during recovery from the effects of a local anaes- 


thetic the small fibres recover last and the large fibres first. The fact that 
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this order is the reverse of that for blocking fibre groups constituted the 
final argument for Gasser & Erlanger (1929), that a hypothesis of dif- 
ferential blocking based on chemical combination of the anaesthetic with 
the protoplasm of the fibres is untenable; for, to quote their words, ‘since 
the surface per unit volume increases directly as the diameter decreases, the 
smaller the fibre the greater the accessibility’, and this would lead to small 
fibres being both blocked and unblocked before large. The fact of there 
being different blocking concentrations of anaesthetic for the different 
sizes of fibres explains the order of recovery; for when the anaesthetic is 
diluted a subcritical concentration for the large fibres is achieved before 
that for the small. 

It is necessary now to relate what is known of the mechanism of the 
action of anaesthetics on conduction to the differences in structure and 
function of the different groups of fibres. The effect of a local anaesthetic 
on a single myelinated fibre of the toad, as shown by Tasaki (1953), is to 
reduce the amplitude of the action current. In whole nerves or roots this 
diminution in current would be manifest as a reduction in the amplitude 
of the externally recorded compound action potential. This in fact was 
found by Kato (1924) and by Davis, Forbes, Brunswick & Hopkins (1926), 
who showed that impulses being propagated through a region of uniformly 
narcotized nerve do so at diminished amplitude. The mechanism of the 
reduction in action current by the local anaesthetic has been attributed, 
in the giant squid axon, to a reduction in the number of sodium carriers 
(Shanes, Freygang, Grundfest & Amatniek, 1959; Taylor, 1959), and in 
Purkinje muscle fibres to inactivation of the sodium carrier at high mem- 
brane potential (Weidman, 1955). It would seem reasonable to assume 
that the electrical properties of the membrane of small and large mye- 
linated fibres are the same; and that under the action of a given con- 
centration of local anaesthetic the action current developed per unit of 
membrane would be reduced by the same amount. This would mean that 
whatever possible differences exist between the local circuits of small and 
of large fibres, due to the different internodal resistances and to the 
different areas of nodal membrane developing action current, a local 
anaesthetic would produce the same proportionate reduction in the total 
nodal action current. The fact of absolute differential blocking with 


critical concentrations thus suggests that the ratio of the action current — 


developed to that necessary for propagation is different in fibres of 
different sizes. This ratio—the safety factor—was measured by Tasaki 
(1953) in large single myelinated fibres of the toad. We know of no figures 
for the safety factor of smaller toad nerves nor of small or large mammalian 
fibres. 

The experiments carried out to investigate differential blocking between 
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C fibres and A fibres showed that, with low concentrations of anaesthetics, 
the myelinated fibres conducting at rates of approximately 10 m/sec were 
blocked simultaneously with the C fibres; with still lower concentrations, 
the very smallest myelinated fibres were blocked at a time when a large 
proportion of the C fibres was still conducting, although their conduction 
_ rate was slowed. These observations on the fibres of the cat’s spinal roots 
do not support the usual view that the C fibres are the most susceptible to 
the action of local anaesthetics. Attempts to correlate the sensory 
dissociation found on injection of anaesthetics in low concentrations in 
man with the differential blocking of fibre groups will need some re- 
assessment. 

In a review of the action of local anaesthetics Toman (1952) reported 
that in experiments on the rabbit’s vagus ‘a 1 mm solution of procaine 
depresses A fibres first and C fibres last’. Everett & Toman (1954) con- 
cluded that such results ‘do not support the older concepts of nerve block 
based on fibre size’. In the experiment on the rabbit’s vagus, quoted by 
Toman, the comparison is being made between A and B fibres; yet it is 
known that these somatic and autonomic myelinated fibres show certain 
different electrical properties (Grundfest, 1939). Further, when com- 
parisons are made between myelinated and C fibres, one is comparing the 
effects of anaesthetics on two different modes of conduction, on saltatory 
_ and continuous conduction; it might be expected that anaesthetics would 
affect them differently. When a comparison is made of fibres having the 
same electrical properties and the same mode of conduction, it is found that 
anaesthetics affect the fibres as though they are a consi series 
differing only in size. . 


SUMMARY 


1. The effects of local anaesthetics on conduction in myelinated and 
non-myelinated fibres of the spinal roots of the cat have been studied. 

2. Different concentrations of anaesthetic are required to block con- 
duction in fibres of different sizes; the concentration necessary to block 
small fibres was found to be lower than that necessary to block large fibres. 

3. Differential rate of blocking of fibre groups was obtained when the 
concentration of anaesthetic exceeded that necessary for blocking all fibres 
present. 

4. The minimum concentration of anaesthetic for blocking non-mye- 
linated fibres was found also to block the smaller myelinated fibres. 

5. Still lower concentrations of anaesthetic blocked the very smallest 
myelinated fibres without blocking the group of non-myelinated fibres. 


We take this opportunity of thanking Drs E. A. Carmichael and W. A. Cobb for. facilities 
to do this work and for their help. : 
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THE BASIS FOR SILVER STAINING OF SYNAPSES OF THE 
MAMMALIAN SPINAL CORD: A LIGHT AND ELECTRON 
MICROSCOPE STUDY 


By E. G. GRAY anp R. W. GUILLERY 
From the Department of Anatomy, University College London 


(Received 10 February 1961) 


Neurofibrillae have been known to anatomists for many years (Schultze, 
1862, 1871; Fromann, 1864). They can be stained by silver methods and 
often occur in axons, dendrites and nerve cell bodies. Also in some regions 
they mark the terminal parts of axons, where they form characteristic 
rings, clubs and reticulated structures, the classical ‘boutons terminaux’ 
(Cajal, 1911; Bartelmez & Hoerr, 1933; Bodian, 1937). Neurofilaments, 
fine osmiophilic threads 60-100A in diameter, have been described in 
electron micrographs by Schmitt & Green (1950), Fernandez-Moran (1954), 
de Robertis & Bennet (1955) and Palay & Palade (1955), These authors 
have suggested that the neurofilaments form the basis of the neurofibrillae 
light microscopists. 

Boycott, Gray & Guillery (1960, 1961) have ‘aintly described neuro- 
filamentous rings in the terminal bags in certain parts of the lizard brain, 
where neurofibrillar rings are found in great numbers. The present in- 
vestigation was undertaken to determine whether similar neurofilamentous 
structures occur in the mammalian spinal cord, where the classical boutons 
are also plentiful. In addition, blocks stained with silver for terminal 
boutons by the classical methods of light microscopists have been examined 
by electron microscopy to determine whether silver is deposited on the 
neurofilaments and whether any other synaptic structures take-up silver 
when such methods are used. 

The presence of neurofilamentous rings in boutons was readily confirmed. 
The second question proved more difficult to answer, for it was impossible 
to obtain suitably fixed material for electron microscopy showing both 
neurofilaments and silver deposits in the same preparation. However, by 
a process of elimination other organelles could be excluded, leaving little 
doubt that, in the preparations used, the neurofilaments are in fact 
responsible for the silver 
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METHODS 


Several difficulties were encountered. Obtaining good fixation of spinal cord for electron 
microscopy was found to be a major problem. Perfusion techniques and thin slicing of 
frozen cord before immersion in fixative both proved unsatisfactory. The method (b) described 
below was finally adopted, but it entails the risk of mechanical damage. Another difficulty 
was to obtain silver-stained material sufficiently well fixed for electron microscopy. The 
ideal method, silver staining of osmium-fixed material, proved impossible. Method (c) 
(below) proved the most effective, although it will be seen that the electron micrographs of 
this material are much inferior to those obtained by conventional methods of osmium 

fixation. 

Light microscopy. (a) Cats and rats were perfused with formol saline and the cords were 
stored in formol saline for 10 days. Blocks about 5-7 mm across were then impregnated by 
Bielschowsky’s pyridine block method (see Romeis, 1948). A part of each block was then 
cut as frozen sections and the remainder of those blocks that showed successful impregnation 
were cut in two. One part was embedded in paraffin for light microscopy, and the other used 
for electron microscopy (see c). Other blocks were prepared by the block silver method of 
Cajal (see Wyckoff & Young, 1956) for light microscopy only. 

Electron microscopy. (b) Slices of rat and cat cord were placed in 1% osmium tetroxide 
in saline, buffered at pH 7-4 with veronal acetate. The slices were immediately chopped into 
very small pieces (preferably less than 0-3 mm thick in any direction) with a razor blade. 
They were transferred to fresh fixative and maintained for 3 hr with continuous agitation 
at approximately 4° C. Ethanol was used for dehydration, followed by staining for 3 hr in 
1% phosphotungstic acid (PTA) in absolute alcohol. The pieces were finally eenbedided 3 in 
Araldite for sectioning (see Gray, 1959). 


(c) The Bielschowsky material (see a) was cut into 0-2 mm slices to ensure good ui: . 


tion of the stain and subsequently of the embedding medium. They were prepared for 
electron microscopy by ethanol dehydration and PTA oo and were embedded in 
(see 6). 


RESULTS 
Electron microscopy of osmium-fixed material 

The electron micrographs of the cat’s spinal cord showed a number of 
terminal bags in which neurofilaments could be clearly observed (Text- 
fig. 1; Pl. 1; Pl. 2, fig. 1; Pl. 3, fig. 2). The terminal bags could be identified 
by characteristic vesicles, about 500A in diameter, mito- 
chondria and localized thickenings of the synaptic membranes. As far as 
can be determined by present techniques the neurofilaments of the terminal 
bag are structurally identical with the filaments that can be observed in 
myelinated axons (Pl. 1, nf,), neuronal perikarya (see Palay & Palade, 
1955) and some dendrites. Twenty to forty filaments are usually seen 
forming a bundle near the periphery of the synaptic bag. The cytoplasm 
containing the individual filaments is characteristically pale and free from 
synaptic vesicles. The bundles usually appear as profiles that can best be 
regarded as sections of rings or loops of filaments cut in various planes. 
A group of mitochondria occurs characteristically within the ring. Thus 
Pl. 1 shows most of the ring included in the section, whereas Pl. 3, fig. 2, 
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shows a ring cut radially and represented as two groups of dots, each dot 

being a sectioned filament. 
Structurally these neurofilamentous rings are similar to the rings 

described in the lizard brain (Boycott et al. 1961) and it is reasonable to 


(a) 
Light microscopy 
silver preparation 


(b) 
Electron microscopy 
- conventional osmium 


preparation 
Endoplasmic 
reticulum 

| 
Cractron: microscopy Silver deposits (neurofibrillae) 

/ 


Text-fig. 1. Diagrams of spinal cord synapses. In (a) ring-shaped, club-shaped 
(solid) and reticulated boutons are seen in silver preparations by light microscopy. 
The arrow indicates a ring bouton selected for illustration in (6) and (c) by electron 
microscopy. 


suppose that in both situations the neurofilaments (or the pale cytoplasm 
in which they lie) take up silver stains to give the characteristic picture 
of ring-shaped terminal boutons (PI. 5, fig. 1). Occasionally the filaments 
form an irregular network within the terminal bag (PI. 2, fig. 1). It is 
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probable that such structures would appear as the reticulated or club- 
shaped endings of light microscopists (Text-fig. 1; Pl. 5, fig. 1). 

The rat material that has been examined showed fewer neurofilaments 
in the terminal bags. Occasional endings with filaments could be found 
(Pl. 2, fig. 2). The pale cytoplasm (pc) around the filaments is clearly 
shown, but the number of filaments is markedly lower than that shown 
in the cat material. These observations by electron microscopy support 
the findings by light microscopy that silver preparations of rat cord 
generally show fewer rings than do similar preparations of cat cord (Phalen 
& Davenport, 1937). 


Electron microscopy of silver-stained material 

Silver preparations of spinal cord seen with the light microscope show 
the well known annular, club or reticulated boutons (Text-fig. 1). Plate 4, 
fig, 2, and PI. 5, fig. 1, are taken from a block Cajal preparation, and show 
these structures clearly. The Bielschowsky material generally showed the 
boutons less intensely impregnated, but the morphology of the boutons 
was the same. In both types of silver preparation only some of the boutons 
appear continuous with the neurofibrillae of the preterminal axons. The 
cell bodies contain pale nuclei and these are surrounded by coarse or fine 
neuro-fibrillar aggregates (Pl. 5, figs. 1 and 2), which sometimes extend 
into the basal region of the dendrites. 

Examination of ultra-thin sections of this silver-stained material by 
electron microscopy presents a quite different picture because (a) of greatly 
increased magnification and (b) many structures that are invisible by light 
microscopy can be observed because of their electron dense properties. 
Plate 4, fig. 1, is a low power electron micrograph of silver-stained material. 
Membrane structures are seen to be poorly preserved, but comparison with 
micrographs of the conventional osmium-fixed material (see above) makes 
the general organization readily understandable. In Pl. 4, fig. 1, the 
neuronal fibre plexus is seen (above) with a part of the perikaryon of a 
large ventral horn neurone with a row of boutons (0) at its surface (below). 
The silver deposits appear as dark strands or irregular masses that at 
higher magnifications (Pl. 3, fig. 1; Pl. 5, fig. 3) are seen to consist of 
discrete electron-dense particles, from 20-150 A in diameter. In the fibre 
plexus (Pl. 4, fig. 1, and Pl. 3, figs. 1 and 3, at higher magnification) the 
silver can be eisaaty seen lying within the axoplasm and not i in the myelin 
sheath (see Peters, 1955). 

There are only two commonly occurring organelles i in osmium prepara- 
tions of myelinated axons of the spinal cord. They are the neurofilaments 
and the mitochondria (Pl. 1, nf, and m,). In silver preparations the mito- 
chondria — as vague Gene bodies, but they can nevertheless be 
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identified by their cristae. They show no impregnation at all (Pl. 3, 
figs. 1, 3, and Pl. 4, fig. 1). It thus appears probable that the silver is 
deposited upon the only other common known differentiated part of the 
axon, the neur: filaments (compare Meyer, 1957). 

Observations on the nerve cell body confirm this. Fine or coarse strands 
of silver particles can be seen ramifying through the cytoplasm (PI. 4, 
fig. 1, and Pl. 5, fig. 3). In electron micrographs of osmium-fixed material 
the neurofilaments show a similar distribution in the cell body (Palay & 
Palade, 1955). Again, the mitochondria of these regions appear entirely 
non-argyrophilic. 

Finally, in Pl. 4, fig. 1, a row of boutons (b) is shown in contact with a 
nerve cell body. Two boutons are shown at higher magnification in Pl. 5, . 
fig. 3. It is clear that neither the bouton cytoplasm, nor its surface 
membrane or mitochondria are argyrophilic. The synaptic vesicles, since 
they are membrane structures, are poorly preserved in the silvered 
material. A vague non-argyrophilic mass (sv?) can be seen near the synaptic 
membrane (in Pl. 5, fig. 3, for example). This mass might represent 
synaptic vesicles, but since rather similar masses appear in perikaryal 
cytoplasm (PI1..4, fig. 1) it is more likely to be protein material precipitated 
by the formalin fixation. However, axosomatic boutons of mammalian 
cord invariably contain aggregates of synaptic vesicles, as is shown by 
osmium-fixed material (compare Pl. 3, fig. 2), while many boutons in the 
electron micrographs of silver preparations contain no silver particles in — 
sufficient aggregations to be within the limits of resolution of light 
microscopy. So there can be little doubt that the synaptic vesicles are not 
responsible for the argyrophilia within a bouton. 

The only remaining differentiated parts of the bouton that are known 
are the neurofilaments and their surrounding of pale cytoplasm. One or 
two strands of silver can be seen in boutons in PI. 4, fig. 1 (b, and 6,). These 
could be oblique sections of rings. A more or less complete ring formed by 
silver deposits is shown in a bouton in PI. 5, fig. 4. These, without doubt, 
correspond in position to the loops of neurofilaments. The fine silver 
particles clearly form linear aggregates (see Pl. 5, figs. 3 and 4), probably 
along the reaction product formed when the neurofilament (or the 
immediately adjacent cytoplasm) is fixed with formalin. 


DISCUSSION 


Neurofilaments have been demonstrated by electron microscopy in the | 
terminal presynaptic bags of axons of the spinal cord of the cat and rat. 
These filaments are often arranged to form rings that match the classical 
cerminal boutons of light microscopy in shape and in approximate size. The 
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structures that can be seen in the terminal bag of spinal cord axons include 
surface membrane, mitochondria, synaptic vesicles and neurofilaments. 
The first three do not take up silver selectively in material impregnated 
for boutons nor do they have the right shape to form a possible basis for 
the neurofibrillar terminal boutons. It is thus highly probable that the 
silver is deposited in the neurofilamentous region of the synapse, probably 
on the fixation products of the filaments themselves. 

Since terminal bags vary in the amount of neurofilamentous material 
that they contain it is relevant to ask whether this variation may have 
any functional significance. Several possibilities for further investigation 
arise. The number of neurofilaments may be related to size of terminal bag, 
number of mitochondria, or discharge activity of the axon. Thus in the 
lizard brain it was found that changes in the neurofilaments of boutons 
could be produced by altering environmental temperature, and these 
changes were accompanied by changes in the mitochondria in the same 
region (Boycott & Guillery, 1959; Boycott et al. 1960, 1961). | 

A great number of terminal bags show no neurofilaments in electron 
micrographs, fewer even in the rat than in the cat. While it is not possible 
without serial sections to state that they are absent in a given terminal, 
it is clear that many synaptic terminals have no neurofilaments. The 
variable effectiveness of the silver stains of light microscopy in different 
parts of the central nervous system and in different species is thus related 
to the presence or absence of neurofilaments in the synaptic terminal 
rather than to an inefficiency of the silver technique. On the other hand, 
mitochondria are almost invariably present in spinal cord synaptic 
terminals and this agrees with the observation that more synapses can be 
displayed by light microscopy with mitochondrial methods than can ever 
be seen with classical silver methods (Armstrong, Richardson & Young, 
1956). It emphasizes that silver methods can never give more than a 
partial picture of synaptic organization. 


SUMMARY 


1. Bundles of neurofilaments, often orientated in the form of a ring, 


can be observed by electron microscopy in a small proportion of the pre- 
synaptic bags of axon terminals of the spinal cord. | 

2. These neurofilaments form the basis of the argyrophilic material that 
constitutes the classical neurofibrillar rings and clubs of light microscopy. 
_ The possibility that other neuronal structures, the cytoplasm and surface 
membranes, myelin sheaths, mitochondria and synaptic vesicles, are 
argyrophilic can be excluded. | 
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We are indebted to Professor J. Z. Young, F.R.S. for his interest and advice; to Mrs R. 
Tilly for photography; to Miss B. Shirra for technical assistance, and Miss J. de Vere for 
drawing the text-figure. 
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EXPLANATION OF PLATES 

In all plates letters indicate structures thus: b, bouton; m, mitochondrion; my, myelin 
sheath; nb, neurofibrillae; nf, neurofilaments; pc, pale cytoplasm containing neurofilaments ; 
post, post-synaptic cytoplasm; si, silver deposits; sv, synaptic vesicles. 
PLATE 1 

_ Fig. 1. Electron micrograph. Cat cord. A presynaptic bag containing a ring of neuro- 
filaments surrounding a group of mitochondria; synaptic vesicles are also present. (Below) 
myelinated axon. 
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PLATE 2 
Fig. 1, Electron micrograph. Cat cord. Presynaptic bag scuitisuein an irregular arrange- 
ment of neurofilaments. 


Fig. 2. Electron micrograph. Rat cord. oe bag —- a few neurofilaments 
situated in a clear zone of the cytoplasm 


PLATE 3 
Fig. 1. Electron micrograph. Cat cord. Silver deposits within a myelinated axon. 
Fig. 2. Electron micrograph. Cat cord. Dots within the circles represent a radial section 
of a ring of neurofilaments. 
Fig. 3. Electron micrograph. Cat cord. Silver deposits within a myelinated axon. 


PLATE 4 
Fig. 1. Electron micrograph. Cat cord. Silver-stained preparation. Fibre sii (above) 
and large ventral horn cell (below) with a row of boutons. 
Fig. 2. Low-power light micrograph. Cat cord. Cajal silver preparation of large n neurone 
with boutons. 

PLATE 5 
Fig. 1. ze micrograph. Cat cord. Cajal silver preparation of large neurone with boutons 
plexus. 

pees mare la Cat cord. Neurone with neurofibrillae extending into basal 

of 


Fig. 3. Electron a ek Cat cord. Axo-somatic boutons in a silvered preparation. 
Fig. 4. Electron micrograph. Cat cord. Axo-somatic bouton showing ring of silver particles. 
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BRADYKININ AS A VASODILATOR IN MAN 


By R. H. FOX, R. GOLDSMITH, D. J. KIDD anp G. P. LEWIS 


From the Division of Human Physiology, and Division of Physiology and 
Pharmacology, National Institute for Medical Research, London, N.W. 3 


(Received 13 February 1961) 


The name bradykinin was first used by Rocha e Silva, Beraldo & 
Rosenfeld (1949) to describe a slow-acting smooth-muscle-stimulating 
polypeptide obtained by incubation of snake venom or trypsin with plasma 
proteins. The enzyme forming bradykinin has been found in a number of 
animal tissues and in particular in most of the exocrine glands. It is 
thought that bradykinin is responsible for the functional vasodilatations 
in the salivary gland of the cat (Hilton & Lewis, 1955, 1956), and in the 
human eccrine sweat gland, where the vasodilatation may also play an 
important role in temperature regulation (Fox & Hilton, 1958). Brady- 
kinin has also been suggested as a mediator in the early stages of the 
inflammatory response (Hilton & Lewis, 1957). Recently the pure peptide 
has been isolated and its structure elucidated, and it has been synthesized 
(Elliott, Lewis & Horton, 1960a, 6; Boissonnas, Guttman, Jaquemond, 
Konzett & Stiirmer, 1960). The pure peptide has a powerful vasodilator 
action in cats, stimulates certain types of smooth muscle, increases 
capillary permeability and produces pain when applied to a blister base 
(Elliott, Horton & Lewis, 1960). | 

In the present experiments bradykinin has been shown to be a most | 
powerful vasodilator substance in man. It has been administered intra- 
arterially and intravenously, and its actions have been ee to those 
of other vasodilator compounds. 


METHODS 


The experiments were performed on nineteen healthy adult males. Bilateral hand or 
forearm blood flows were measured by wenous occlusion plethysmography with the subjects 
seated in a stirred and t controlled water-bath, following the technique described 
by Edholm, Fox & Macpherson (1956). Changes in the blood flow in the skin of the face, 

neck or forearm were recorded using surface calorimeters. The calorimeters consist of a 
heat-flow disk (Hatfield, 1950) enclosed in a Perspex capsule, and were irrigated with water 
at 32° C, The drugs were either administered as single doses in 1 ml. of 0-°9% NaCl solution — 
and injected in 5 sec at a fixed time during the venous cuff-inflation cycle, or by continuous 

_ infusion employing a Palmer slow-injection apparatus. The natural bradykinin was pre- 

pared by the procedures described by Elliott, Horton et al. (1960); the molecular weight of 
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the dihydrochloride is 1131. The responses to injections of natural bradykinin were com. 
pared with those to synthetic bradykinin, which was kindly supplied by Sandoz Ltd, 
histamine acid phosphate (expressed as base), acetylcholine chloride, isoprenaline sulphate, 
and 5-hydroxytryptamine creatinine sulphate. Intra-arterial injections were made into the 
brachial artery at the elbow, and intravenous injections into the antecubital vein. The vaso- 
dilator response to each drug injection was obtained by subtracting the pre-injection blood 
_ flow, as given by the mean of the two inflows immediately preceding the injection, from the 
peak blood flow recorded following the injection. Pulse rates were counted from the blood 
flow traces. | 


RESULTS 


Intra-arterial injection or infusion of those compounds which caused 
large increases in blood flow were followed by a feeling of swelling and 
warmth of the forearm. The magnitude of these sensations was not de- 
pendent on the particular compound injected but on the size of the 
vasodilatation elicited. With intra-arterial injections the largest doses of 
all the drugs injected sometimes caused transient pain or unpleasant 
sensation deep in the forearm. 


Intra-arterial injections of drugs on total forearm blood flow 

The vasodilatation produced by natural bradykinin was compared with 
the responses to injections of synthetic bradykinin, histamine and iso- 
prenaline in doses ranging from 0-05 to 5-0 yg. Responses to the same 
doses, on a weight-for-weight basis, were directly compared to provide a 
quantitative comparison. There was no difference in potency between 
natural and synthetic bradykinins. Their potency was about the same as 
that of isoprenaline but greater than that of histamine (P < 0-001). The 
results are given in Table 1. 

In other experiments the effects on forearm flow of doses of acetyl- 
choline 0-5-250 wg and 5-hydroxytryptamine 0-5—5-0 ug were measured. 
In order to obtain increases in blood flow similar to those produced by 
bradykinin much greater amounts of acetylcholine had to be injected. 
There was no response to 0-5 ug 5-hydroxytryptamine, but. doses fF 
1-0-5-0 yg always produced a small vasodilatation. 

Figure 1 shows a comparison of the potencies of natural bradykinin, 
acetylcholine and histamine, and that bradykinin is the most and acety]- 
choline the least potent substance. Further comparisons of the drugs are 
shown in Fig. 4. The vasodilatation produced by bradykinin was resistant 
to intra-arterial mepyramine (Fig. 1) and also was unaffected by an intra- 
arterial dose of atropine sulphate 0-6 yg. 

_ The times taken to reach maximum vasodilatation following injections 
of bradykinin and isoprenaline were greater than those for acetylcholine 
and histamine (Fig, 2). In one experiment it was possible to examine the 
action of both uradyxuiin and histamine during a post-fainting state. The 


sil 
th 


Pape’ 

ox 

3 

TAB 
valu 
3 are 

4 
Te 
We 
r 
at 


BRADYKININ AS A VASODILATOR IN MAN 591 


subject was a student who had a history of fainting, which was revealed 
subsequently. On insertion of the arterial needle he fainted and became 
unconscious for a short time. After regaining consciousness he said he was 
willing to continue the experiment. When the arterial needle was reinserted 
he again felt faint but this time did not lose consciousness. The injections 


Taste 1. Forearm vasodilator responses to intra-arterial injections of vasoactive com- 
pounds. The pre-injection resting blood flow and the maximum increase above the resting 
value are shown (ml./100 ml, tissue/min). Values for different compounds on the same line 
are directly comparable as they were obtained close in time in the same experiment 


Natural Synthetic 
bradykinin bradykinin Histamine Isoprenaline 
: Maxi. Maxi. Maxi- 


Sub- Dose Resting mum Resting mum _ Resting mum _ Resting mum 
flow increase flow increase flow increase flow increase 


A 10 — 5-1 13-8 
B 05 4:2 12-4 — — 36 
C 0-05 2-9 3-9 — 3-6 2-2 
4-4 5-2 — — 2-9 4-2 3-7 2-8 
1-0 5:8 6-3 3°6 4-3 
3-0 49 8-0 3-2 6-3 3-7 6-1 
D 01 2-9 4-1 2-7 4-3 
0-5 29 7:3 5-1 — 
5-0 2-6 10-0 — 4:2 7-7 — 
E Ol 3:3 3-4 — 3°3 0-7 — 
1-0 7:3 — 33 5-4 2-7 8-4 
3-0 3-8 44° #3— — 3°6 8-7 5-5 6-8 
5-0 16-0 — — 3°6 10-6 
F 065 4-2 6-6 4-4 7-0 — 3°4 7-0 
1-0 2-2 2-6 78 — 2-3 7:4 
3-0 2-4 12-8 56 18-6 — 2-4 8-4 
0-5 2-3 8-2 1-5 10-4 — 1-2 9-5 
12-0 1:8 12-9 — — 2-1 8-8 
3-0 15 15:3 2-2 14-6 — 0-8 11-1 
3-0 2-6 12-8 — — 1-4 8-6 — — 
H 10 8-2 — 5-6 
1-0 3-4 10-2 — 1-8 13-3 


- were begun when the pulse rate had returned to 60 beats/min. The 
responses to both bradykinin and histamine were much reduced during the 
post-fainting state but returned to nearly normal during the experiment. ~ 
This experiment is illustrated in Fig. 3. | | 


Intra-arterial injections of drugs on forearm skin blood flow 
In most experiments the changes in skin blood flow were measured 
simultaneously with total blood flow in the same forearm (see Fig. 4). As 
the measurements of change in the skin flow cannot be converted into 


absolute rates of blood flow, an accurate quantitative comparison of the 
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responses in skin and total forearm blood flow was not possible, yet it was 
found that bradykinin, histamine and acetylcholine produced the same 
relative changes in blood flow of the skin and of the whole forearm. 
Reddening of the forearm with the larger doses of all three compounds 
provided visual evidence of cutaneous vasodilatation. 


Treated (It.) 


° 


uw 


Total blood flow (mi./100 mi. tissue/min) 


10 aaa 20 25 

| Time (min) 

Fig. 1. Forearm vasodilator responses to intra-arterial injections of natural brady- 
kinin (B), acetylcholine (A) and histamine (H), before and after giving 5-0 mg 
mepyramine intra-arterially. (All other doses in yg.) 


T 


Blood-flow increase 
(m1./100 ml. tissue/min) 
uw 


So 


23 4 55 70 85 100 115 130 
Time after injection (sec) ee 

Fig. 2. The time course of the vasodilatation following injections of natural brady- 
kinin, histamine, acetylcholine and isoprenaline. Each curve represents the mean 
response for all injections of that compound: ——— bradykinin; —.— isoprenaline ; 
— — — histamine; ---.--- acetylcholine. 


> 
brad 
pedu 
spite 
BS 10 Control (rt.) 
a 
1 
a 
% 
4 
| 
3 
N 
~ 
; 
| | | 
* 
‘ 


| 


Skin heat flow 
(kcal/m2/min) 


Total blood flow 


(m1./100 mi. tissue/min) 


o 


BRADYKININ AS A VASODILATOR IN MAN 593 


In the post-fainting state in which the sensitivity of the forearm flow to 
bradykinin and histamine was reduced, that of the skin blood flow was 
reduced to an even greater extent (Fig. 3). 

Arterial injection of 5-hydroxytryptamine decreased the skin flow in 
spite of a slight increase in total forearm flow (Figs. 4 and 5). 


35 45 


Time (min) 


Fig. 3. Skin and total forearm blood flow responses to intra-arterial injections of 
natural bradykinin (B) and histamine (H) in the post-fainting state. The subject 
first fainted at zero time and nearly fainted a second time at 30 min. (All doses 


Control (rt) 
8 
i Treated (It.) | 
ae. 
| 
20 10 10 10 3010 10 
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23 10 
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Fig. 4. Skin and total forearm blood flow responses of two subjects to intra-arterial 
_injections of natural bradykinin (B), synthetic bradykinin (SB), isoprenaline (I), 
and 5-hydroxytryptamine (5-HT). (All doses in yg.) 
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Fig. 5. Skin and total forearm blood flow responses to intra-arterial infusions of 
natural bradykinin 0-9 yg/min (B), histamine 0-9 pg/min (H), acetylcholine 
180 pg/min (A), isoprenaline 0-9 yg/min (I) and 5-HT 4-5 ug/min. The results of 
single injections of isoprenaline (1-0 yg), 5-HT (5-0 wg) and bradykinin (1-0 ug) 
are also given. 


Intra-arterial infusion of drugs on.total forearm — 
and skin blood flow 

One of the two experiments performed is illustrated in Fig. 5. The 
relative potencies of the compounds and the relationship between skin and 
total blood flow were similar to those found in the experiments with single 
injections. The response to isoprenaline in this experiment was smaller 
than expected, but the figure illustrates very clearly the striking vaso- 
constrictor action of 5-hydroxytryptamine on the skin. : 


Intra-arterial injection of drugs on hand blood flow | 
In three experiments natural bradykinin, histamine and isoprenaline 
were injected in equal doses (0-1—5-0 ng) to provide a quantitative 
comparison. These results are shown in Table 2 and Fig. 6. Unlike the 
results obtained on the forearm flow, histamine was more active than 
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*Taptz 2. Hand vasodilator responses (ml. blood/100 ml. tissue/min) to intra-arterial 
injections. The pre-injection resting blood flow and the maximum increase above the resting 
yalue are shown. Values for different compounds on the same line are directly comparable 
as they were obtained close in time 


Natural bradykinin Histamine Isoprenaline © ‘ 
Sub- Dose Resting Maximum Resting Maximum Resting Maximum 
ject (pg) flow increase flow increase flow increase 
G 0-1 4:5 1-1 2-6 4:8 1-2 6-0 
0-5 2-2 2-5 1-3 6-1 — 
1-0 1-0 9-7 79 — 
1-0 1:8 4:7 1-8 5-4 
3-0 2-3 9-5 2-7 8-0 3-6 3-8 
5-0 1-0 8-4 1-5 12-4 
HOt 5:3 0-9 4-0 6-7 4-3 4-3 
0-5 4-2 2:7 2-9 9-5 — 
1-0 8-8 3-5 12-2 — — 
1-0 55 10-2 4-3 18-6 — 
3-0 3-3 20-6 3-0 21-8 6-6 14-4 
3-0 3:7 14-2 3-9 15-7 — — 
5-0 4-2 11-1 4-3 15-3 — 
I 0-1 4-3 6-5 4-6 6-2 
0-5 5-4 7-0 4-5 12-8. — 
0-5 5-6 11-5 16-0 6-1 6-9 
1-0 3-5 13-4 2:0 16-1 
1-0 5-5 16-2 5-1 15-8 5-6 12-5 
30 23-9 64 17-2 
Treated (It.) 
£ 
| 
30 30-30 0505 30.30 500 
10 
Control (rt.) 
| 
0 0 5 10 
Time (min) 


Fig. 6. Hand-vasodilator responses to intra-arterial injections of natural brady- 
kinin (B), histamine (H), isoprenaline (I) and acetylcholine (A). (All doses in yg.) 
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bradykinin (P < 0-01). Acetylcholine (10-500 yg) had only a small 
vasodilator activity—it was even less active than in the forearm. 

When the vasodilator responses to histamine were compared in the 
hand and forearm (see Tables 1 and 2) the mean maximum increases were 
found to be greater in the hand than in the forearm (P < 0-02). For 
instance, the mean increases to 0-5 wg were 11-1 for the hand but only 
3-4 for the forearm, and for 3 ug the corresponding values were 15-7 and 7-9. 


Intravenous administration of drugs 


With intravenous injections of small doses of bradykinin the first effect 
was either a sensation of warmth in the face or a visible reddening of the 
face and neck. The minimum single intravenous dose required to produce 
any observable effect was found in four subjects to be between 0-1 and 
0:4 ug/kg body weight. With larger doses (1 g/kg or more) the feeling of 
warmth spread to the limbs and the rest of the body. Other sensations 
reported were a feeling of pulsations of the lips, cheeks and roof of the 
mouth, a dry or metallic taste on the tongue or an intense but indescribable 
taste in the mouth, awareness of cardiac action and catching of breath. 
The feeling of warmth and the appearance of flushing were most pro- 
nounced in the face and neck, and the feeling of bodily warmth was 
followed by that of coldness. 

Effect on blood flow. On intravenous injection or infusion histamine was 
found to be about six times as active as bradykinin. For example, intra- 
venoug infusions of 9‘ug/min of histamine and 53 pg/min of bradykinin 
produced small but almost equal vasodilatations in hand and forearm. It 
_ was further found that these drugs in doses too small to cause an appreci- 
able effect on hand or forearm flow produced large increases in the face 
and neck skin flow. 

This difference in sensitivity of the vessels of different regions of the body 
to histamine and bradykinin is illustrated in Fig. 7, in which the changes 
in peripheral blood flow produced by an infusion of bradykinin are com- 
pared with the changes produced by a period of indirect heating. — 


DISCUSSION 


The results obtained with intra-arterial administration of bradykinin 
to man show that this polypeptide, known to have a strong vasodilator 
action in various species, is also a potent vasodilator in man. A diagram- 
matic representation of the activities of the various vasodilator substances 
injected intra-arterially is givenin Fig.8. __ 


molar basis bradykinin is many times more active on forearm and hand 


This comparison is made on a weight-for-weight basis. However, on a | 
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flow than any of the other substances examined, because the molecular 
weight of the dihydrochloride of bradykinin which was used for these 
experiments is 1131 as compared with those of histamine base and iso- 
prenaline sulphate which are 101 and 307 respectively. 
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Fig. 7. Vasodilator responses in the hand and forearm and in the skin of the cheek 
and neck following intravenous injections of histamine 10 yg (H) and acetyl- 
choline 1-0 ug (A), and an infusion of natural bradykinin 87-5 yg/min (B). The 
vasodilator effect of indirect heating is also shown. Heat-flow symbols: @ = cheek; 
x = neck; o = forearm (left). 


The findings that, first, on a weight basis intra-arterial injection of 
_ bradykinin is more powerful than histamine in the forearm but somewhat 
less so in the hand and, secondly, on intravenous administration histamine 
is much more effective than bradykinin in both forearm and hand, can be 
explained by the fact that histamine is scarcely inactivated or destroyed in 
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human blood (Best & McHenry, 1930; Anrep, Barsoum & Ibrahim, 1947), 
whereas bradykinin is relatively rapidly destroyed (Lewis, 1960). 

An example of how the distance from the site of an arterial injection to 
the site of action will affect the response to a substance which is rapidly 
destroyed in blood is well illustrated by Duff, Greenfield, Shepherd & 
Thompson (1953) for acetylcholine. They found that the magnitude of the 
response in the hand to intra-arterial injections of acetylcholine varied 
directly with the distance from the site of injection and they attributed 
this difference to the inactivation of acetylcholine in blood. Acetylcholine 
is destroyed much more quickly than bradykinin in blood, and this also 
explains why the differences in relative potencies of acetylcholine on 


% 
120} Forearm 120 Hand 
100 100 5 
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Fig. 8. The vasodilator activity of natural bradykinin in hand and forearm com- 
pared with those of synthetic bradykinin (SB), histamine and isoprenaline, based 

on the means of the paired measurements. Values for rikcina erage (A) and 5-HT 
are approximate only. 


arterial and intravenous injection are so much greater than those of brady- 
kinin. On intravenous injection even 1 mg of acetylcholine was ineffective 
in producing vasodilation in forearm and hand. 

In contrast to the finding that bradykinin is considerably more active 
than acetylcholine as a vasodilator in man is the observation by Elliott, 
Horton et al. (1960) that in the cat bradykinin and acetylcholine are equi- 
active. This apparent discrepancy can again be explained by different rates 
- of destruction in blood, as Hawkins & Mendel (1947) found that acety]- 

_ choline is destroyed much more rapidly in human blood than in cat blood, 
whereas bradykinin is destroyed almost equally in both species (G. P. 
Lewis, unpublished). 

In addition to differences in the rates of destruction there may be 
differences in selectivity of action of the drugs on particular parts of the 
vascular bed. These differences may be due to the fact that both the 


sympathetic innervation and the vascular structure vary greatly between 
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hand and forearm. For instance, the ratio of skin to muscle tissue is 
much larger in the hand than in the forearm and an increase in the blood 
flow to the hand is brought about by inhibition of sympathetic nervous 
activity, whereas in the forearm it is the result of an active vasodilator 
mechanism (Edholm e¢ al. 1956; Fox & Hilton, 1958). Further, the skin 
of the palmar surface of the hand contains abundant arteriovenous anasto- 
moses, whereas they are few or absent in the forearm skin (Clara, 1956). 
This difference may be responsible for the greater increase in blood flow 
per unit volume of tissue, after intra-arterial ee, in the hand 
compared with that in the forearm. 

The response of certain smooth-muscle preparations to bradykinin is 
characterized by its slowness. The finding that the maximum vasodilata- 
tion in response to its intra-arterial injection occurred later than that in 
response to intra-arterial histamine or acetylcholine could reflect. a similar 
slow action of bradykinin on the vessel wall. 

However, the fact that the response to isoprenaline showed the same 
delay as bradykinin in reaching its maximum suggests that other factors 
may be responsible for this difference. With the exception of 5-hydroxy- 
tryptamine all the other drugs tested by intra-arterial injection produced 
roughly the same relative vasodilator effects in the skin of the forearm as 
in the whole forearm. This suggests the absence of differences in their 
actions on skin and muscle vessels. 5-hydroxytryptamine caused constric- 
tion in the skin but presumably vasodilatation in the muscle vessels, since 
the net effect on total forearm blood flow was a small increase. In contrast, 
Roddie, Shepherd & Whelan (1955) reported decreases in both hand blood 
flow and forearm blood flow, following an initial transient increase, with 
infusions of 5-hydroxytryptamine, and concluded that the drug acts by 
constricting the resistance vessels and dilating the vessels responsible for 
skin colour. The difference between this vasoconstrictor effect on total 
forearm blood flow found by Roddie e¢ al. (1955) and the vasodilator effect 
found in the present experiments may be accounted for by two factors: 
first, the predominance with single injections of the initial transient vaso- 
dilatation in the muscle, and secondly, the difference in pre-injection skin 
blood flow levels—they were probably higher in the experiments of Roddie 
et al. and therefore the constrictor effect in the skin was more prominent. 
With the skin vessels largely constricted, the decrease in total forearm 
blood flow due to the vasoconstrictor action of 5-hydroxytryptamine on 
the skin would be relatively small, but the increase by the vasodilator 
effect on muscle vessels would be relatively enhanced. | 

Both bradykinin and histamine produced, on intravenous administra- 
tion, vasodilatation in the face and neck at dose levels which were too low 
to produce effects on the forearm or hand. It is difficult to account for this 
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predilection although it has long been recognized that the face and neck 
are especially reactive (Lewis, 1927). It is in these regions that blushing in 
the young adult and flushing at the menopause are most marked, that the 
vasodilatation and sweating associated with strong gustatory stimuli are 
found, and, finally, they are among the few areas of the body in which the 
cold vasodilatation response is easily elicited (Fox & Wyatt, 1960). It has 
also been shown that the vasomotor control is different in adjacent areas 
of the face; in some the control is exercised by vasoconstrictor nerves, in 
others the control is predominantly by an active vasodilator mechanism 
(Fox, Goldsmith & Kidd, 1960a, b). 

The greatly diminished vasodilator responses to injections of bradykinin 
and histamine, observed in one subject in the post-fainting state, points to 
the presence of some strong vasoconstrictor influence in this condition. 
The finding that the effect was most marked in the skin is in accord with 
the well known fact that after fainting the skin remains pale for a con- 
siderable period. There is strong evidence that posterior pituitary secretion 
is greatly increased during a faint and it has been suggested that the pallor 


of fainting results from the action of this hormone (Edholm, 1952). The | 


observed resistance to the vasodilator action of bradykinin and histamine 
in this condition could readily be explained by the presence of a humoral 
agent rather than by the presence of a vasoconstrictor nerve effect, since 
both bradykinin and histamine dilate the vascular bed of the hand which 
is normally held in the vasoconstricted state by vasoconstrictor nerves. 
Furthermore, vasoconstrictor nerves do not seem to play a major role in 
controlling blood flow through the skin (Roddie, Shepherd & Whelan, 
1957; Edholm, Fox & Macpherson, 1957) of the forearm. 

Fox & Hilton (1958) pointed out that the association of sweating with a 
pale and apparently vasoconstricted skin in individuals in a state of shock 
was seemingly at variance with their hypothesis that bradykinin formed as 
a result of sweat-gland activity is responsible for the active vasodilatation 
in the forearm skin with indirect heating. They suggested that in an 
individual in a state of shock vasodilatation might be prevented by a 
stronger vasoconstrictor influence. The greatly diminished vasodilator 
responses to bradykinin and histamine encountered in the aegaei 
state lends support to their suggestion. 


SUMMARY 


1. The vasodilator activity of bradykinin in man has been compared 
with that of other vasoactive compounds ‘given as single injections or 
infusions into the brachial artery or into the antecubital vein. Total fore- 
arm or hand blood flows were measured by venous occlusion plethysmo- 
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graphy and changes in skin blood flow were followed using surface 
calorimeters. 

2. On intra-arterial administration both natural and synthetic brady- 
kinin on a weight-for-weight basis were much more active than acetyl- 
choline, although this is ‘partly explained by the extremely rapid 
inactivation of acetylcholine in the blood stream. Bradykinin was about 
- equiactive with isoprenaline in hand and forearm, but more active in the 
forearm and less active in the hand than histamine. On a molar basis, 
however, bradykinin was much more active than any other drug examined. 
It is concluded that when bradykinin is released in the human body its 
foremost action is vasodilatation. 

3. While bradykinin, acetylcholine, isoprenaline and histamine caused 
only vasodilatation, 5-hydroxytryptamine produced a small increase in 
total forearm blood flow which was the resultant of a vasoconstrictor 
action on the skin blood flow and a vasodilator action on the muscle blood 
flow. 

4. On intravenous administration the first effect of threshold doses of 
bradykinin (0-1-0-4 ug/kg) was a flushing of the face and neck. With 
larger doses this vasodilatation became intense and spread to the rest of 
the body. Histamine was more active than bradykinin by the intravenous 
route. | 

5. Some of the differences in the potency ratios between intra-arterial 
and intravenous injections may be explained by the different rates of 
inactivation of the drugs in the blood stream. 

6. In one subject the effect of intra-arterial injection of bradykinin and 
histamine could be studied in the post-fainting state. The vasodilator 
responses were greatly reduced. It is concluded that this resistance to 
vasodilator substances results from the presence of a strong vasoconstrictor 
substance in the blood. 


_ The authors are deeply indebted to the members of the 1960 Honours B.Sc. class in 

Physiology, and to the dental students at Guy’s Hospital who were the subjects in some of 
these experiments. They also wish to thank Mr J. W. Jack for preparing the —_— and 
Messrs Sandoz Ltd for Te supplying the synthetic bradykinin. 
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THE RESPONSE OF PIGLETS TO AMMONIUM CHLORIDE 


By N. HATEMIT* R. A. McCANCE 
From the Department of Experimental Medicine, University of Cambridge 


(Received 15 February 1961) 


The response of ‘new-born’ puppies and babies to ammonium chloride has 
been investigated (Cort & McCance, 1954; Hatemi & McCance, 1961; 
McCance & Hatemi, 1961) and the natural development of acid—base control 
after birth has been studied by Gordon, McNamara & Benjamin (1948), 
Widdowson & MeCance (1958), Fomon, Harris & Jensen (1959) and McCance 
& Widdowson (1960). The general conclusion of these authors may be 
summarized by saying that the new-born animal makes a less effective 
response to acidifying drugs than an adult, whether the comparison is 
made on the basis of body weight or surface area, and there are clear in- 
dications that this may be clinically important (Darrow, da Silva & 
Stevenson, 1954; Hoffman, Parmelee & Grossman, 1948). 

The pig has not yet been investigated and, since animals were available 
and pigs were known to differ in several ways from puppies and babies 
in their excretion of electrolytes, it was decided to make a short study of 
them. 

METHODS 

Eight new-born piglets 1 or sometimes 2 days old (weighing 1-:1-1-8 kg) were separated 
from the sow a few hours before the acidifying drug was to be given and placed in individual 
metabolism cages at 24 °C. The first specimen of urine was discarded and after timed speci- 
mens had been collected under toluol for about 2 hr, a sample of blood was taken from the 
heart and placed at once under paraffin oil. The sample was then centrifuged and the serum 
separated immediately. After the preliminary samples of urine and blood had been obtained, 

 @ solution of m/6-NH,Cl (25 ml. = 4:1 m-equiv/kg) warmed to 37°C was administered 
- intraperitoneally to four piglets and by stomach tube to four others, and the time recorded. 
Per unit of body weight this dose was higher than the dose given to infants in the study of 
Hatemi & McCance (1961) and higher than the one given by Cort & McCance (1954) to 
_ new-born and adult dogs. Enough water was administered at two-hourly intervals by 
stomach tube to maintain a reasonable flow of urine and specimens were collected for sbout 
8 hr and treated as described below. A second specimen of blood was taken 4 hr after the 
acidifying drug had been given. : 

Eight older piglets weighing 13-16 kg (10-12 weeks old) were investigated for comparative 
purposes. These animals had been weaned and had been taking a barley-maize-fishmeal- 
offal mixture (McCance, 1960). Each was placed in a metabolism cage at normal room tem- 
perature on the evening before the experiment was to begin and a preliminary collection of 
urine was made under toluol overnight, timed from the moment when the animal first 
emptied its bladder in the evening until it was first seen to empty its bladder in the morning. 
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When it had done this, pentobarbitone sodium 12 mg/kg body weight was administered 
intravenously. This kept the pigs lightly anaesthetized for 5-10 min. A sample of blood was 
taken from # vein in the leg or ear and m/6-NH,Cl solution at 37° C (25 ml, = 4-1 m-equiv/ 
kg) was given intraperitoneally. Urine was collected under toluol in separately timed 
specimens for 8 hr and a second sample of blood was taken from the leg, again under very 
light pentobarbitone sodium anaesthesia, about 4 hr after the NH,Cl had been given. Urine 
specimens were removed as passed and kept in a refrigerator, and the specimens collected 
during the 8 hr after the acidifying salt had been administered were divided according to 
their volumes and times into four specimens, each representing a period of 2 hr. These were 
separately analysed, and so was the timed specimen passed before the drug was given. 

The chemical methods were the same as those used by Hatemi & McCance (1961). 


RESULTS 


Tables 1 and 2 show the changes in the volume and H-ion concentration 
of the urine before and after giving the NH,Cl and water to the new-born 
and older piglets. They also show the rates of excretion of titratable acid, 
ammonia, phosphates, chlorides, sodium and potassium, and, in the case of 
the older animals, creatinine. The average results for pH are shown in Fig. 1. 
The administration of m/6-NH,Cl solution and water was followed by 
an increase in urine flow, but this increase was small in new-born animals. 
In older piglets the urine flow reached a level, after the administration of 
the drug, nearly three times that in the preliminary period. These results 
are in line with the observations of McCance & Wilkinson (1947), Ames 
(1953) and Adolph (1957) on the tendency of the newly born to excrete 
water less quickly and completely than older animals. 

In the preliminary period the average [H+] in the urine was somewhat 
higher in the older piglets than it was in the new-born ones, although the 
difference was not statistically significant. After the administration of 


TaBLE 1. Urine volume, [H*+]x10-’ and excretion rates of titratable acid, ammonia, 
phosphorus, chloride, sodium and potassium before and after giving NH,Cl to new-born 
piglets 1-2 days old. (Means and standard deviations are given) 


period O2hr 24hr 4-6 hr 6-8 hr 


(H*) x 10-7 13-5+ 21-0 3-84+4-9 6-08 + 7-9 4+-22-0 52-24 14-0 
Titratable acid 24432 15+10 19+ 10 23413 28+ 17 


nia 80+ 30 127+ 50 108 + 48 102+ 61 91437 
(vequiv/kg/hr) 
Phosphorus 0:-46+0:52  0:384+0-47 0-204+0-24  0-394+0:52  0:54+0-53 
(mg/kg/hr) 


Chloride 126+62 179 + 100 204+ 115 226 + 59 205 + 65 
(yequiv/kg/hr) 
Sodium 30+21  28+19 20+17 29+ 16 22+13 
(yequiv/kg/hr) 
Potassium 174+ 56 205 + 92 225+90 228 + 27 220+ 15 


flow (ml./ 0-21+0-05 0-31 + 0-08 0-29 + 0-06 0-22 + 0-04 0-17+0-03 
min 
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Taste 2. Urine volume, [H+] 10-’ and excretion rates of titratable acid, ammonia, 
phosphorus, creatinine, chloride, sodium and potassium before and after giving NH,CI to 
piglets 10-12 weeks old. (Means and standard deviations are given) 


Preli 
period 
Urine flow (ml./ 0-34+0-09 
min) 
[H+] x 38-9 + 21-0 
Titratable acid 68+ 16 
(yequiv/kg/hr) 
Ammonia 141 +27 
(wequiv/kg/hr) 
Phosphorus 1-91+40-47 
(mg/kg/hr) 
Creatinine 0-73 + 0-20 
(mg/kg/hr) 
Chloride 63 + 32 
19+15 
(we eg) 
Potassium 32 + 26 
(yequiv/kg/hr) 
66r- 
62 


50 


0-2 hr 
0-21 


10:34 7:8 
42413 


201 + 42 
1-27 + 0-30 
0-92+0-71 

249+ 105 


101+ 70 


63 + 25 


2—4 hr 
1-254 0-35 


17-6 + 24 
43+13 


238 + 45 
1-27 + 0-46 
0:88 +0-44 

365 + 168 

167+ lll 


103 + 36 


l 


4-6 hr 
1-23 + 0-39 


28-3 + 6-9 
48+19 


235+ 51 
1-39+0-61 
0-75 + 0-25 

410+ 157 


210+ 142 


129437 


6-8 hr 
0-73 + 0-10 


44-6 + 30-0 
70+ 19 


212+ 38 
1-98 + 0-57 
0-82 + 0:30 

312+ 87 
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Fig. 1. The average pH of the urine before and after the administration 
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NH,Cl solution, the [H+] of the urine fell in both groups of animals, and 
this fall was accompanied by the increase in urine flow. By the end of the 
experiment, the average pH of the urine was still above 5 at both ages. 

Little inorganic phosphate was excreted by the new-born piglets and 
some of them excreted practically none. Towards the end of the experiments 
the amount of phosphate in the urine increased slightly, probably owing 
to starvation and the ensuing tissue breakdown (Widdowson & McCance, 
1959). In contrast to this, older piglets had large amounts of phosphate 
in their urine, but after the administration of NH,Cl the rate of excretion 
always fell and, in some animals, to as little as 30-50% of that in the pre- 
liminary period. This fall in the rate of excretion of phosphate was prob- 
ably tubular in origin, for there was no corresponding fall in the excretion 
of endogenous creatinine. 

In the preliminary period older piglets had a significantly higher aver- 
age rate of excretion of titratable acid than new-born piglets, because 
their urines were more acid and also contained more phosphates. After 
the administration of m/6 NH,Cl solution the rate of titratable acid excre- 
tion fell in both groups. It began to rise only towards the end of the ex- 
periment, when the [H*] of the urine rose and the excretion of i —, 
phosphorus also increased. 

In the preliminary period and at all times after the acidifying drug had 
been given, older piglets had significantly higher rates of ammonia 
excretion than the new-born. Their average response to the acid load was 
rapid and the excretion of ammonia significantly higher than it was in 
the preliminary period. In new-born piglets, however, there was little 
increase in the excretion of ammonia after the acidifying drug and this 
increase was not significant compared with the preliminary period. 


Since, after the administration of NH,Cl, the older piglets did not excrete 


a more acid urine than the younger ones, their greater excretion of am- 
monia did not seem to be related to the pH of the urine. 

On the assumption that all the N in the NH,Cl had been converted to 
urea, the percentage -of the hydrogen ions set free and excreted in 
combination with ammonia within 8 hr was calculated, and it was found 
‘that the new-born piglets excreted 5-27 + 3-56% of the hydrogen ions as 
ammonia, whereas older piglets excreted 13-5+6-2%, this percentage 
being significantly higher than that of the new-born. 

The chloride excretion in the preliminary period was slightly lower in 
older piglets than in the new-born. After the administration of NH,CI, 
however, the rate increased by more than four times in older piglets, 
whereas in the new-born the increase was much smaller. Within 8 hr the 


older piglets excreted 50-7 + 21-2% of the chloride ions administered and 


the newborn Piglets only 14-7+2-9%. 
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Before NH,Cl was given, the rate of excretion of sodium was nearly the 
same at both ages, and after the administration of the drug it remained 
practically unchanged in the new-born, whereas in older piglets it in- 
creased considerably. The excretion of potassium in the preliminary 
period was significantly higher in the new-born than in the older piglets. 
After the administration of NH,Cl the average rates of potassium excre- 
tion increased in both groups, but significantly more so in the new-born 
than in older piglets. New-born piglets therefore responded to an acidosis 
by increasing the rate of excretion of potassium without a significant 
change in that of sodium, whereas older piglets excreted both more 
sodium and more potassium. 

These findings suggested that the concentrations of sodium in the 
serum of the new-born piglets might be low, and Table 3 shows that this 
in fact was true. Compared with the older animals the difference was 
statistically significant. The concentration of potassium in the serum, 
however, had a significantly higher average value in the new-born piglets. 
Before any drug was given, the average serum chloride concentration of the 
new-born piglets was somewhat lower than that of older piglets but the 
difference was not significant. The drug produced roughly the same effect 
on the serum chloride at both ages. New-born piglets tended to become 
-eyanotic and partially asphyxiated while they were being held for heart 
puncture, and some of the results for total CO, were found to be unduly 
high. For this reason they have not been given in Table 3. 


TABLE 3. Serum electrolytes in new-born piglets and in others 10-12 weeks old 


Chloride Total CO, Potas-  Phos- 
(m-equiv/l1.) (m-equiv/l. ) Sodium sium phorus 
as (m-equiv/ (m-equiv/ (ng! 
Before After Before After 1.) 1.) 100 ml.) 
Hew-born 99+2-7 1054+3-6 — 125448 5540-3 11-24+2-2 
ets 
Piglets 10— 1044+3-2 108+2:7 284+2-9 24422 140450 48406 10-4+1-7 
12 weeks old 
DISCUSSION 


These results have revealed some peculiarities in the response of young 
pigs to an ammonium chloride acidosis and also demonstrated some 
developmental aspects of acid—base control. 

It has been shown before that the kidneys of new-born infants may 
_ not lower the pH of the urine so rapidly or completely as those of adults 
(McCance & Hatemi, 1961). Piglets in these experiments gave a poorer 
response than new-born infants, but the results were complicated to some 
extent by the diuresis (Cort & McCance, 1954), although this was relatively 
small in the newly born animals. 


The excretion of titratable acid is closely related to the amount of 
39 PHYSIO, CLVII 
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phosphate in mammalian urine and urates in the urine of birds (Wolbach, 
1955), and the minimum pH attainable (Schiess, Ayer, Lotspeich & Pitts, 
1948; Wrong & Davies, 1959). New-born piglets were limited in both 
respects, since they excreted very little phosphate and they did not lower 


the pH of the urine for some hours. Although older piglets excreted — 


much larger amounts of phosphate in their urines initially, their response 
was little better because the pH of their urine also rose and, further- 
more, the excretion of phosphate decreased after the administration of 
NH,Cl. As the older piglets were given small amounts of anaesthetic 
before the blood was taken, the decrease in phosphate excretion may have 
been due to this (de Wardener, 1958), but the rate of endogenous creatinine 
excretion did not suggest any decrease in glomerular filtration rate. 
The possibility of diurnal rhythm of phosphate excretion was also ruled 
out, since in control animals given no acidifying drug phosphate excretion 
did not fall during the day. The response of piglets 10-12 weeks old to an 
acute acidosis was therefore unlike that of adult dogs, which trebled the 
rate of excretion of phosphate after being given NH,Cl or (NH,),SO, 
(Cort & McCance, 1954). It has been shown in man that the administra- 
tion of phosphates makes no difference to the excretion of total base after 
giving ammonium chloride but it decreases the excretion of chlorides 
(Hatemi & McCance, 1961). It is suggested that in all species it is the 
output of cations which regulates the quantity of anions excreted in the 
urine after the administration of ammonium chloride. Owing to species 
differences in tubular function, phosphates are preferentially excreted in 
the dog and to a lesser extent in man, but this is not so in the pig, in which 
animal chlorides follow the sodium into the urine to such an extent that 
the excretion of phosphate actually falls. 

Cort & McCance (1954) found that the excretion of ammonia by puppies 
in response to an acidosis had greatly improved by the time they were 
15 days of age. The present study demonstrates that in pigs this was also 
the case between birth and by 10-12 weeks of age. This improvement 
may be due to increased intracellular production of ammonia (Davies & 
Yudkin, 1952; Hines & McCance, 1954; Orloff, 1956), since the average 
values for urinary pH after the administration of ammonium chloride 
were roughly the same at each age. 

New-born piglets are known to excrete Na less freely than new-born 
puppies (McCance & Widdowson, 1958). Without free excretion of potas- 
sium this must limit their output of administered anions, and new-born 
piglets in the present investigation excreted only 14° of the chloride in 
the NH,Cl, whereas-puppies studied by Cort & McCance (1954) excreted 
47% within 6hr. Largely owing to the increased excretion of sodium 
the older piglets excreted 50 °% of the chloride ions within 8 hr. 
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The effect of development on the composition of the serum and extracel- 
lular fluids has been studied by Widdowson & McCance (1956) in man and 
pig. These authors reported significantly lower levels of serum sodium in 
pig foetuses 46 days old (122+ 9-9 m-equiv/l.) than in piglets at birth 
(141+4-8 m-equiv/l.). Serum potassium values, however, were 
17:5 + 2-4 m-equiv/l. in foetal sera and 8-6 + 2-6 m-equiv/l. at birth. In 
the present study, the average concentration of sodium and chloride in 
the serum of the piglets 2448 h after birth was near to that reported for the 
foetuses in 1956. ‘Normal’ serum sodium concentrations have, however, 
also been found in piglets aged 24-48 h and the cause of the low values 
in piglets from some litters is obscure. The problem will be further 
investigated. The average serum sodium concentration in older piglets was 
nearly equal to that reported at birth by Widdowson & McCance (1956). 
The average values for serum potassium in both the younger and older 
piglets were lower than the average value given for piglets at birth by 
Widdowson & McCance (1956). 

The serum electrolyte concentrations found in the present investigation 
may help to explain the electrolyte excretions in the two age groups. 
Experimental work in man (Schwartz, Jensen & Relman, 1954; Clarke, 
Evans, MacIntyre & Milne, 1955) has demonstrated that the excretion of 
sodium during an acidosis increases very little in sodium-depleted subjects, 
who excrete instead larger amounts of potassium than normal subjects. 
In new-born piglets no increase in sodium excretion was noted after 
NH,Cl. Clarke et al. (1955) reported a very small increase in salt-deficient 
men, but the serum sodium levels in their subjects were not as low as 
those now found in new-born piglets. There is, furthermore, an inherent 
difference between the new-born and the adult animals in their readiness 
to excrete sodium. Older piglets which had normal serum sodium and 
potassium concentrations, and probably a relatively adult pattern of — 
metabolism, responded by increasing both sodium and potassium excretion 
after the administration of the acidifying drug. 


SUMMARY 


1. NH,Cl was administered to piglets 1-2 days old and to animals 
10-12 weeks old weighing about 15 kg. 

2. In both groups the average pH of the urine rose and did not regain 
its initial level for 5—6 hr. 

3. In new-born. animals the excretion of phosphates was at all times 
negligible and that of NH, did not increase significantly after giving NH,Cl. 

4. In older animals the excretion of phosphates fell after NH,Cl but 


that of NH, rose significantly. 
39-2 
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5. In new-born animals NH,Cl increased the excretion of potassium 
but not sodium. In older animals the excretion of both cations was 
increased. 
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INTRODUCTION 


It is more than a century since constriction of the lower respiratory tract 
by its intrinsic musculature was demonstrated. Dixon & Brodie (1903) 
recognized that bronchial constriction could be associated with changes 
in lung distensibility, but their experiments did not show the latter change. 
Variations of their technique have since been described, for example, the 
method of Konzett & Rossler (1940). All these methods presented a com- 
posite picture of changing lung distensibility and flow-resistance. Because 
of these methods and their ready application to pharmacological problems 
there emerged the new term ‘pneumo-constriction’ (Delaunois, Dautre- 
bande & Heymans, 1956), which embraces in its meaning changes of air- 
way resistance and changes of elastance due to closure of alveolar units. 

In 1939 Bayliss & Robertson described a method of measuring the 
viscous and elastic properties of the lung concurrently, and in absolute 
terms. This work has since expanded into a wide field of erases 
mechanics. 

The aim of the present work is to calculate the mean leclasliias calibre 
from concurrent measurements of elastance and flow-resistance. __ 


THEORY 

The elastic properties of a system, such as the lungs, are described by 
the term elastance which is the ratio’of impressed pressure change to 
volume change. The term compliance is the reciprocal of this value and 
is the equivalent of the electrical term capacitance. The viscous or flow- 
resistive properties are divided into those due to air flow (airway resist- 
ance) and those due to tissue movement (tissue resistance). 

The airway is visualized in the form of a greatly simplified model. The 
upper part consists of comparatively rigid tubes of constant calibre under 
the conditions of experiment in a thoracotomized animal. This opens into 
a group of tubes in parallel which represent the lower airway. These latter 
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tubes are of equal radius, they lack structural rigidity, and have sufficient 
muscle to allow of considerable variation in calibre. Each tube opens into 
an alveolar space, all the spaces being of equal capacity. The tube and 
alveolar space are referred to later as an alveolar unit. 

The following assumptions have been made with regard to the physio- 
logical properties of the system: (a) that tissue elasticity remains constant 
under physiological conditions, (6) that changes in the elastance of the 
lung are due to variations in the number of lower airway units open and 
participating in ventilation, (c) that changes in resistance to gas flow are 
due to changes in calibre of the lower airway tubes together with variations 
in the geometry of the system due to closure of units, (d) lung inertia is 
very small at low frequencies (DuBois, 1953) and may be neglected, and 
(e) lung tissue resistance is small and unlikely to alter (Brody & DuBois, 
1956). 

Let the total resistance of the whole system be FR, and let R, represent 
that part of the viscous resistance that is unlikely to change during 
bronchoconstriction. It therefore includes the airway resistance of the 
upper airway together with the tissue resistance of the whole lung. Let the 
resistance of each tube in the lower airway be 4p and let the total number 
of cand in parallel be n. Then, | 


- alveolar sac is c, then 

K > 
where K is the elastance of the whole lung. 
The subscript o indicates the resting state, and C,, K, and R, are 
defined as equal to unity; that is, changes in each of these parameters are 
calculated in terms of their respective values in the resting state. The 
subscript ¢ indicates the state at any instant during active broncho- 
constriction. | 


Since 


R-R, R,’ 
or R= | (1) 


If the total compliance of the system is C and the compliance of each | 
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Equation (1), at time ¢, can be written | 
R, (2) 
As n, can be expressed in terms of K, and, by definition, R,, does not 
differ from R,,, then substituting in equation (2): 
R, = Bao + By 


whence Ry = 2 (R,- (3) 


For the streamlined flow of gas through a tube, the resistance varies 
inversely with the fourth power of the radius. If the resting radius, r,,, 
of each tube in the lower airway is defined as unity, then 


Ry _ To 
and so Ry = as. = 
Substituting in equation (3) for R,, 
R 
Therefore | 
R,- Ra No 
But, from (1), written for the resting state 
R 
= R,-R,, 
R,-Ra 
Therefore, K,.——. 4) 
bi t R,— Rap ( 


In the model on which the above calculations are based each lower 
airway unit is associated with one alveolar unit so that there is a linear 
relationship between elastance and flow resistance. If this simplified model 
closely represents the lung, there should also be a linear Toy 
between lung elastance and flow resistance. 


METHODS 

Guinea-pigs, rabbits and kittens between 0-3 and 0-8 kg were anaesthetized with an intra- 
peritoneal injection of Nembutal (40 mg/kg). The trachea was cannulated and the animal 
was connected to a miniature Palmer ‘Ideal’ respiration pump. Constant volume artificial 
respiration was given, allowing passive expiration, at a frequency which was just sufficient, 
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to suppress spontaneous respiration. The peak inflation pressure was adjusted to 12cm 
water so that the tidal volume was equal to about half vital capacity. 

Expiration was limited by a water valve set at 2 cm water to prevent complete collapse 
be the lungs when the chest was opened. The internal mammary arteries were ligated and 
the anterior chest wall was widely resected. The diaphragm was retracted and branches of 
the phrenic nerve were cut near the diaphragm. The lungs were covered with a thin layer 
of gauze moistened with normal saline, care being taken not to compress any part of them. 
Tracheal pressures were monitored by an aneroid barometer and this also provided evidence 
of bronch triction. 


% 


D 


-------@ A 


Fig. 1. A typical pressure-volume diagram for the lung. The points A, B, C, and D 
appear successively on the Y axis and denote the tracheal pressures at the instants 
of zero inflation, half inflation, full inflation and half deflation respectively. The 
volume change is shown by the horizontal line below the diagram. The pressures — 
at B and D occur at the mid point of the volume change. AC = elastic pressure 
(Pz); BD = resistive pressure (Pz). 


Another pump, delivering a sinusoidal output on a closed circuit, was used for the measure- 
ment of the dynamic pressure-volume relationships of the lungs. The pump stroke and 
frequency were fixed and a sliding potentiometer, moving synchronously with the piston 
of the pump, gave an output potential proportional to the displacement of the piston for 
display on the X axis of an oscilloscope. 

Tracheal pressure was measured by a capacitance manometer which formed one arm of 
a capacitance bridge. The output of the bridge, quitalty rectified and amplified, was dis- 
en on the Y axis of the oscilloscope. 
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. Contacts placed at 90° intervals on the final drive shaft of the pump motor indicated 
directly on the oscilloscope the tracheal pressures at the extremes of displacement and at 
mid-displacement of the sinusoidal pump. Figure 1 shows a typical pressure-volume 
outline. The interval between the two points indicating the extremes of displacement gives 
the elastic pressure (Pz) at full inflation, while the interval between the two points at 
mid-displacement gives the resistive pressure drop (Pr) during maximal air flow. 

During artificial ventilation various methods were used to induce bronch tricti 
Histamine was given by aerosol and methacholine by aerosol or by intramuscular injection. 
' Aerosols were generated by a Wright nebulizer at an air pressure of 12 Ib./sq.in. (0-84 kg/cm’). 
Dosage was related to the time of exposure and the concentration of the solution. Multi- 
channel valves were used for rapid change over from one nebulizer to another. 

The course of the lung changes was followed by switching the animal to the sinusoidal 
pump at regular intervals of 30 or 60 sec. A multi-channel valve was used in the change 
over, so that the lungs were always set at 2 cm water. The outlines obtained by display of 
the two out-of-phase potentials on the two axes of the oscilloscope were ellipses after 
allowance had been made for the very slight non-linearity of the capacitance manometer. 
Some gas absorption occurred during the first two cycles of the sinusoidal pump, but stability 
was usually reached by the third cycle, which gave a closed outline, so that the initial and 
final zero-displacement marks were super-imposed, as in Fig. 1. 

The ellipses were photographed and the results read from the film directly by projection 
on @ suitably calibrated scale. Thus simultaneous elastance and resistance measurements 
were obtained at known intervals throughout the experiment. 

In other experiments the relationship between resistance and elastance in atropinized 
animals was determined after successive incremental increases of the inflation-volume from 
the artificial-respiration pump. Thus the number of alveolar units in the system was 
increased progressively. After increasing tidal volume the peak tracheal pressure rose, and 
then fell and stability was reached after 2-3 min. Once opened, the rate of closure of the 
newly opened units was very slow. 


RESULTS 


Relationship between resistance to air flow and elastance 
in atropinized animals 
When the tidal volume of positive-pressure ventilation in an wea is 
increased, the pressure generated opens additional alveolar units. Hence 
equation (1) can be written as follows: 


In the resting state 
R. 
R, = 
during increased ventilation, : 
R 
R, = Bao 
Since 
R 
= R, = K, 


Figure 2 shows the results of representative experiments in each of the 
three species used. The relationship between elastance and resistance to 
air flow was linear, low values of elastance and resistance being obtained 
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when the tidal ‘volume was high, because more alveolar units were being 
ventilated. When artificial ventilation was carried out at a tidal volume 
of about 28 ml./kg body weight, a minimum value was obtained for 
eiastance. 


(a) Guinea-pig (b) Guinea-pig 
a 
3 

Elastance K 
(c) Rabbit Elastance K 
(d) Cat 
ec 

c 


Elastance K | Elastance K 


Fig. 2. Graphs showing the relationship between elastance and resistance in 
three species as the lung inflation volume was progressively increased. All the 
animals were atropinized. | 


The effect of histamine and methacholine on elastance and 
resistance to air flow 


Figure 3 shows the changes in elastance and total caslebninen to air flow 


in response to methacholine injected intramuscularly. Values of K, and 


R, are expressed as multiples of the resting elastance K, and resistance Ff, 
at the start of the experiment. In this experiment elastance has increased 


twofold and resistance nearly tenfold. The lowest curve represents the 


lower airway calibre r,, calculated from equation (4). This is also expressed 
as a fraction of the resting value 7,,. 

This experiment alone does not provide a value for R., but it is possible 
to calculate this from the equation to the linear plots shown in Fig. 2. For 


technical: reasons it was not possible to obtain a value for R,, in all — 


experiments. The three curves in Fig. 4 have been calculated from 
equation (4) on the assumption that R,, contributes 0-2, 0-5, and 0-7 of 


the total flow-resistance, R,. All the experimentally determined values lie — 


within this range. These curves, relating total resistance to radius, are not 
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Elastance 


Resistance 


Lower airway calibre 


10 minutes A 


Fig. 3. Simultaneous values for elastance and resistance obtained by intramuscular 
le injection of methacholine chloride. The lowest curve shows the calculated change 
in lower airway calibre. Adrenaline was injected intravenously at A and B, and 
atropine at C. 
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Fig..4. Values for lower airway radius r,, calculated by using different values for the 
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very different whether R,,, contributes 0-2 or 0-7 of the total flow-resistance. 
In subsequent calculations, therefore, a value of 0-5 has been assumed for 
R,. and, within the above limits, the calculated value of rp, is accurate 
within 12%, 

If the only effect of inducing bronchiolar constriction was to impose 
a progressively greater resistance to air flow, there would have been no 
change in elastance. The observation that elastance has considerably 


3 (a) Guinea-pig b) Cat 
~ 
Of 245678 234 
Resistance R, Resistance R, 
(d) Cat: 
146° 
(c) Rabbit 3 . 
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Fig. 5. Calculated lower airway calibre r,, plotted against total flow-resistance in 
four experiments. The drugs used to secure changes in bronchial tone and the values 

~ Of ry, in the limit when resistance approaches infinity are as follows: (a) Intra- 
muscular methacholine chloride, limiting value r,, = 0:57. (b) Methacholine by 
aerosol, limiting value r,, = 0-65. (c) Histamine by aerosol, limiting value r,, = 0-65. 
(d) Histamine and adrenaline by aerosol, limiting value r,, = 0-63. 


‘increased means that the capacity of the system has diminished and this 


could only have come about if tissue elasticity did not vary as a result 
of the closure of some of the lower airway units. 

Figure 5 shows the results of four experiments where various methods 
_ were used to induce bronchoconstriction. The plots of lower airway calibre, 
Ty, against total resistance R, are hyperbolae of the general form 
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When £, > infinity, r,, is equal to 1/b. This is the value of r,, which would 
ensure complete closure of the lower airway. This is the critical closing 
calibre. 

In the guinea-pig it was usually easy to take constriction to the mean 
critical closing calibre. At this point measurements became difficult as the 
changes were very rapid and of considerable dimensions. Figure 5a is 
from the same experiment as Fig. 3 and shows a plateau (gradient less 
than 1/100) at r,, = 0-6 approximately. The relatively few observations at 
this degree of bronchoconstriction reflect the speed and instability of the 
changes taking place and not difficulty in obtaining the changes. In some 
experiments a greater than tenfold increase in resistance was achieved. In 
the kitten and rabbit the mean critical closing calibre of the bronchioles 
was not reached, as the large doses of bronchoconstrictor drugs needed 
affected the heart. The results obtained, however, when the resistance 
increased fourfold or more, fell on curves of similar shape, so that calcula- 
tions were made of the values of r,, which were likely to have been reached 
if bronchiolar constriction had proceeded far enough. The values obtained 
were again near to 0-6, which means that when the bronchioles contract 
to about 60 % of their normal calibre, they close suddenly and completely. 


DISCUSSION 

The susceptibility of the guinea-pig to asphyxia during bronchospasm 
' has long been assumed to be a direct consequence of the large mass of 
circular muscle around the bronchioles (Macklin, 1929). There is no doubt 
that this muscle can exert sufficient tension to constrict the lower airways 
to their critical closing diameter. After this critical diameter has been 
reached, however, in vivo studies will not provide more information about 
the bronchiolar muscle. 

Martin & Proctor (1958) constructed ps ai Fo curves for the 
isolated trachea and bronchi of a dog. Their experimental figures have been 
converted into tension—radius values, and these are shown in Fig. 6. The 
trachea and the two sizes of bronchi studied appear to have an outer 
limiting coat which limits enlargement, so that tension rapidly rises to 
infinity beyond a certain radius. The trachea shows a similar. trend upon 
constriction and it seems likely that a structurally rigid inner coat pre- 
vented complete collapse of the tube. 

The two bronchi behaved quite differently on constriction and rapidly 
reached a state of instability from which collapse ensued. This critical 
radius can be estimated from the inflexion of the curves and is about 0-4 
of resting value for the larger bronchus and about 0-7 for the smaller 
bronchus. These values were obtained from fluid-filled airways and they 
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are therefore smaller than would be expected in vivo, where a fluid inter- 
face exists and facilitates closure. 

Similar figures are not available for the bronchioles but it is reasonable 
to suggest that the trend from trachea to small bronchus should continue. 
It appears, therefore, that all the airways have an upper limit of expansion 
due to an outer limiting coat but that the smaller tubes are not sufficiently 
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- Fig. 6. Calculated tension-radius curves for three sizes of respiratory airway 
prepared from values for pressure and volume measured in vitro by Martin & Proctor 
(1958). Tension is expressed in arbitrary units and radius is given as a fraction of 
the resting value. The points of inflexion of the curves for the two smaller tubes 
can only be estimated as there are insufficient measurements in this region. 


rigid to prevent their collapse on constriction. In addition, the smaller 
airways are more distensible than the larger and presumably transmural 


pressures are predominant in determining their normal resting diameter in 
the intact animal. 


The problem of transmural pressures in the intact animal is ; 


complex. In the thoracotomized animal bronchiolar diameter depends 
upon the balance between its muscle tension, structural rigidity, and the 
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surface tension of its secretions. By Laplace’s law the centripetal force 
due to fluid surface tension increases inversely as the radius. A point will 

then be reached during bronchiolar constriction when this force equals and 
then exceeds the structural rigidity of the tube. At this point of unstable 
equilibrium collapse commences and further active constriction will only 

make collapse more certain. In the thoracotomized animal therefore the 
actual diameter is critical in the absence of externally applied transmural 

pressures. For this reason the index of critical closing diameter is preferred 
in this work to that of pressure. 

A collapsed tube will only expand from the application of an externally 

_ directed transmural pressure. There is no evidence that re-establishment 
of the airway takes place spontaneously when muscular contraction is 
_ relaxed. Alveolar units opened by over-inflation stay open for a consider- 
able time after the over-inflation is discontinued—thus the efficacy of a 
yawn. The closure of the newly opened units seems to follow an exponential 
law and an hour or more may pass before elastance returns to the original 
reading. The presence of increased bronchial secretions considerably 
hastens this return. 
_ It has been shown that asthmatic patients are more sensitive to inhaled 

histamine or acetylcholine than normal subjects, but there is no evidence 
_ that sensitized animals behave similarly, and it is suggested that the 
- concept of critical closure may explain the results in man. Curry (1946, 
1947) measured the vital capacity of asthmatic subjects and showed that 
this was reduced by doses of histamine that were without effect on the 
vital capacity of normal subjects. A change of vital capacity is not an 
indication of altered airway resistance per se and presumably the change 
represents increased elastance due to closure of alveolar units. Radford & 
Lefcoe (1955) quote unpublished observations by Mead that lung air-flow 
resistance could be increased three or fourfold in normal subjects by 
histamine aerosol without concurrent increase in elastance. However, two 
asthmatic subjects showed increases of elastance of 1-4-2 times during 
asthmatic attacks of moderate severity, This may have been due to a 
proportion of the bronchioles reaching their critical closing calibre, the 
process being assisted by increased amounts of bronchial secretion. 


SUMMARY | 

1. Values of elastance and flow resistance determined simultaneously 

during bronchoconstriction are shown, on theoretical grou, to provide 
_ an index of lower airway calibre. 

2. Experiments are described to support this interpretation and to 

determine this index. 
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3. The significance of the changes is discussed with reference to the 
influence of surface tension upon critical closing diameter. 
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The chemical nature of the menstrual stimulant components A, 
Bi and B2 


By H. J. Currneror and V. R. Picxies. Department of Physiology, 
University of Sheffield 

The methods by which three lipoid stimulants or groups of stimulants, 
referred to as components A, B and C, may be prepared from human 
menstrual fluid have been described in detail (Clitheroe & Pickles, 1961). 
Chromatography of larger quantities of lipid has now shown that com- 
ponent B consists of two substances, referred to as B1 (the more polar) 
and B2 (the less polar). 

Component A is thought to include a y-lactone with an additional polar 
group, probably -OH, upon which its uterine muscle-stimulant activity 
partly depends. Bl and B2 are probably long-chain fatty acids. — 

The demonstration consists of a display of some of the evidence upon 
which these provisional conclusions are based. 


We wish to thank Dr R. Brettle for directing infra-red and other analyses in the Sheffield 
University Department of Chemistry. : 
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Identification of acetyicholine in the silk gland of the caterpillar 
of Arctia caja (L.). 


By J. Morey and M. Scuacuter. Department of Physiology, University 
College London 


It has been shown recently that high concentrations of active esters of 
choline are present in certain insects. Thus, ACh has been identified in 
hornet venom in amounts varying from 10 to 50 mg/g dry venom sac 
(Bhoola, Calle & Schachter, 1960). Another cholinester, probably 8,f-di- 
methylacrylylcholine (DMAC) is secreted by the prothoracic gland of the 
Garden Tiger Moth, Arctia caja (Bisset, Frazer, Rothschild & Schachter, 
1960). 
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On examination of the tissues of the larva of A. caja, ACh was identified 
by parallel bio-assay and by paper chromatography in the hypertrophied 
silk glands of the final larval instar. The amount of ACh is approximately 
4 mg/g freeze-dried gland. The ‘silk’ (cocoon) secreted by the larva before 
the pupation also contains ACh, approximately 300yg/g. 

Acid extracts of the freeze-dried silk glands of A. caja larvae tested on 
the isolated guinea-pig ileum, frog rectus abdominis musele, leech body 
wall and cat blood pressure, yield ACh concentrations varying from 3 to 
4-5 mg/g dry gland. The activity is abolished either by atropine (10~* g/ml.) 
or by p-tubocurarine (10- g/ml.). 

Paper chromatograms of ethyl alcohol extracts of 0-5-2-0 mg dry glands 
in several solvents (n-propanol-formic acid-water, 8:1:1; n-propanol- 
water, 9:1; n-butanol-ethanol-acetic acid-water, 8:2:3) yield on elution 
a substance corresponding with ACh in R, value, iodine reaction, and in 
pharmacological activity when tested in parallel on the guinea-pig ileum 
and frog rectus muscle. | 

ACh is the only pharmacologically active substance detected by these 
tests in A. caja larvae. DMAC, which is present in high concentrations 
in the prothoracic gland of the adult moth, is not detectable in the 
larva. 

Treatment of the frog rectus abdominis muscle with acetone (0-5-1-0 °%) 
considerably increased its sensitivity to ACh and such a preparation is 
very useful for ACh assay. By adding acetone to the eserinized (5 x 10-6 g/ 
ml.) Ringer’s solution to the above concentration, the sensitivity of the 

rectus muscle is always increased, usually five to ten-fold. 
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An analogue model of the heart 


By J. E. Matcor (introduced by M. Gracz Eaaieron). Postgraduate 
Medical School of London, Ducane Road, London, W. 12 


A comparison was drawn between the action of the human heart and 


that of a reflex klystron, by Malcolm (1960). In order to develop the theory 


further, a model (Fig. 1) of the heart has been built, to which the following 
description applies. 

Fluid which may be water, salbnis solution or blood, is drawn from the 
reservoir (4) by the ‘atrium’ (B), a collapsible tube surrounded by a 
rigid tube of greater size. The space between the two tubes contains air 
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| which is alternately compressed and rarefied, so imparting a wave to the 
fluid. The latter passes through a ‘mitral valve’ (C) and enters the ‘left 
ventricle’ (D) where it receives a second pressure wave, delivered in a 
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Fig. 1. Diagram to show the relationship of the components 
of the analogue model of the heart. 


similar manner. An ‘aortic valve’ (HZ) determines flow in the direction of 
the T-piece (F') where part of the fluid, controlled in amount by a screw 
valve (@), is diverted to rise to a height of 30 cm into the reservoir (H). 
From here it descends to an ‘oscillator’ (I) formed by a latex rubber 
tube (J), 0-7 cm in diameter and 97 cm long, arranged horizontally upon 
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and provided the outlet of this tube is adjusted to a level slightly below 
that of the platform, the elastic tube (J) will oscillate in stationary wave 
motion. The frequency and mode of oscillation can be controlled by the 
application of extensions of the torsion springs (K) and (L) to the sites of 
anti-nodes: the spring (M) to the site of a pseudo-stationary node. Two 
sets of waves result, long (75 cm) and short (about 1-5 cm), with loops 
as shown. 

A quarter wave matching stub (JV) is connected to a node of the tube (J) 
and closed at the other end by an adjustable piston. Pulsation of the stub 
operates an electrical contact (O) which actuates the pulse generator (P). 

The latter, by means of electrical relays and solenoid gas valves, controls 
the production of pressure waves in the ‘ventricle’, power being supplied 
in the form of compressed air subsequently exhausted into a vacuum 
tank. The quarter wave matching stub (Q), the contact (R) and the wave 
generator (S) perform a similar function for the ‘atrium’ the stub being 
connected to the tube (J) at the site of a node situated half a wave-length 
down stream from (J). 

Fluid flowing through the right-hand branch of (F') passes to a second 
oscillator (7') formed by the elastic tube (U) which is compressed by 
the extension of the spring (V) at the site of a pseudo-stationary 
node: by the springs (W) and (X) at the sites of anti-nodes. This 
oscillator is similar to the former but is fitted with only one quarter 
wave matching stub (Y) and acts in reverse, converting a pulsatile 


at a height of 1 m, whence the overflow descends to the reservoir (A). 
The latter represents both the systemic great veins and the pulmonary 
veins: the right side of the ‘heart’ must be imagined as lying parallel to 
the left. 

Reservoirs (H) and (Z) hades ‘seen filled, oscillation commences spon- 
taneously in (J) which represents the coronary system. Pulsation in the 


in the reservoirs is maintained without further priming. A strong pulse 
develops in the oscillator (7'), which represents the ascending aorta, especi- 
ally pronounced at resonant frequencies. The frequency and phasing of 
pulsation of the two chambers of the ‘heart’ are determined by tuning 
the oscillators. 

The model shows that abnormalities of cardiac rhythm are related 
fundamentally to the modes of oscillation of fluid-filled elastic systems. 
It may be employed to study the effects of fatigue upon the wall of a 
pulsating elastic tube and the production of sound waves by the fluid 
flowing therein. The behaviour of the model suggests that a pulse at certain 


a small platform. The outflow is led by a rigid tube to the reservoir (A) — 


flow into constant flow: the outflow leads to a reservoir (Z), fixed 


‘atrium’ and ‘ventricle’ then follows, the fluid circulates and the pressure | 
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anatomical sites, for example, the Circle of Willis, may develop from the 
static pressure of the blood in the great vessels. 


REFERENCE 
Matcoum, J. E. (1960), Nature, Lond., 186, 723. 


An. electron-microscopic survey of the structure and composition 


of the developing optic nerve in Xenopus laevis (Daudin) 


By RK. M. Gaze and A. Peters. Departments of Physiology and Anatomy, 
University of Edinburgh | 

The optic nerve of Xenopus, in common with that of other anurans, of 
urodeles and of some fishes, will regenerate after section (Gaze, 1959). 
Maturana (1959) has shown, by use of the electron microscope, that the 
optic nerve of Rana pipiens contains about 470,000 non-myelinated fibres, — 
or some thirty times as many as were previously reported (Bruesch & 
Arey, 1943). An investigation of fibre composition has now been carried | 
out on the optic nerve of Xenopus, at various stages of development, 
using phase-contrast and electron microscopy. The first appearance of 
visual responses (optokinetic reactions to a rotating striped drum) occurs 
in the tadpole of stage 49, and at the same stage myelin sheaths are first 
found in the optic nerve. At stage 49 the nerve contains 2000-5000 non- 
myelinated fibres. From stage 49 onwards the number of myelinated and 
non-myelinated fibresincreases until at stage 57, just before metamorphosis, 
there are approximately 1000 myelinated fibres and 22,000 non-myelinated 
ones. Throughout development, from stage 49 up to the adult, the distri- 
bution of myelinated fibre diameters shows a single peak, at 1-5 p. The 
distribution of non-myelinated fibre diameters also has a single peak, 
between 0-1 and 0-4 yp. The optic nerve of adult Xenopus contains some 
6000 myelinated and 33,000 non-myelinated fibres. 3 

This demonstration illustrates the structure of the nerve at various 


stages of development. 3 
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A micromanipulator 


By A. F. Huxtxey. Department of Physiology, U niversity College London 

The pair of micromanipulators being demonstrated was designed by the 
author while at the Department of Physiology, Cambridge University, and 
built in the workshops of the ste tel Laboratory, Cambridge 
University. 
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The principal features of the instruments are the following: 

(1) Fine movements in three directions at right angles are made by 
operating large-diameter micrometer heads. Movements in the three 
principal directions can therefore be made independently. 


Fig. 1. Diagrams showing means by which the fine motions are superposed. — 
A, left-hand manipulator seen from the front; B, section along b-b; C, section along 
c-c. 1, base; 2, fixed upright member; 3, member producing fore and aft motion; 
4, member producing up and down motion; 5, member. undergoing motions im- 
parted by 3 and 4, prevented from rocking in the fore and aft plane by an extension 
5’ connected to 1 by a flexible strip; 6, member producing right and left motion ; 
7, top plate undergoing all three motions, prevented from pivoting about its hinge 
with piece 6 by the strip connecting it to piece 5 shown dotted at the left-hand 

side in A and B. Circles represent balls to which the thrusts from the correspond- 
ing micrometer heads are imparted by push-rods against spring loading. The 
crossed strips forming the hinges are indicated by broken lines; aoeee are two 
vertical and two horizontal strips in each of the five hinges. 
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(2) The micrometers are all mounted on the base of the instrument, so 
that the weight of the operator’s hand is not applied to any of the motions 
of the instrument. 

(3) The travel of each micrometer is transferred to the top plate of the 
instrument (7, Fig. 1), through a push-rod and a 10:1 reduction lever, so 
that 1 division on the micrometer drum represents 0-2 1 movement of 
the plate. 

(4) The pivots of all the levers are crossed strip spring hinges so that 
backlash, friction and lubrication difficulties are completely avoided. 

(5) The instruments are of very rigid construction. 

(6) The performance of the instrument does not depend on high pre- 
cision workmanship in any part except the micrometer heads themselves. 

The arrangement by which the three motions are superposed is illustrated 
in Fig. 1. 

Coarse movements are Seneidad by three rack-and-pinion motions 
mounted on top of one ‘another on the plate 7 which is controlled by the 
micrometers. 

The fine motions are along ares of circles, not straight lines, but the 
deviations from straight-line motion are extremely small within the field 
of a microscope. Backlash is not detectable under the conditions in which 
the instrument has so far been used (magnifications up to 1000 x ). 


The potential level at the surface of the cerebral cortex of the 
rat and its relation to the cortical activity evoked by sensory 
‘stimulation 


By O. C. J. Liprotp, J. W. T. Repr#arn and Lynn J. Winton. Depart- 
ment of Physiology, University College London 


The sensory evoked potential which can be recorded from the cortex of 
the rat is of extremely variable size and form. This is particularly true 
when the experimental animal is in good condition, is lightly anaesthetized, 
and the recording is made through the intact dura exposed by a 0-4 mm 
diam. trephine hole in the skull. There are spontaneous changes in the size 
of the potential, which ranges from a maximum peak voltage of 5 mV, 
to the absence of any measurable change. If precautions are taken to keep 
the cortical surface at body temperature, the evoked potentials are usually 
very small and inconstant (50-100 »V peak amplitude), while cooling the 
surface by 2-3° C is associated with evoked potentials of constant shape 
having large negative waves (3-4 mV amplitude). 

It is well known that fluctuations in the potential level of the cortex 
oceur; for example, the surface becomes positive relative to the rest of the 
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body during maintained sensory stimulation. We find that the form, size 
and polarity of the evoked potential are related to the pre-existing surface 
potential of the cortex. This seems to be true whether the changes in 
potential are spontaneous, for example, during the course of light anaes- 
thesia with urethane or avertin, or whether these potential changes are 
produced experimentally. The methods we have employed in order to 
bring about changes in the potential level have been repetitive sensory 


stimulation; local application of K+ (Krebs’s solution containing 10-15 mm 


Fig. 1. Evoked potentials from the surface of the sensory cortex of the lightly 
anaesthetized rat (avertin, 24%, 0-9 ml./100 g body wt. 1.P.). Ten consecutive 
stimuli at 5 sec intervals given to sensory nerve in forelimb. Lower record shows 
the effect of surface-negative polarization (non-polarizable bristle on cortical 
surface, indifferent electrode in subcutaneous tissue of the neck, total current 
flow =3 A). Upper record is of surface-positive polarization. In both records 
a downward deflexion denotes that the recording micro-electrode is positive with 


respect to an indifferent electrode. Time bar = 10 msec. Voltage calibration = 
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K+), local cooling and warming of the cortex and electrical polarization 
(see Fig. 1). 

When the cortical surface undergoes a positive fluctuation, the evoked 
potential becomes larger and the second wave is large and negative 
(3-4 mV). A negative swing in the d.c. level is associated with a small or 
absent evoked potential and often the second wave is positive. 


Working models of a semicircular canal 


By D. H. Tompson and W. J. Tonxrns. R.A.F. Institute of Aviation 
Medicine, Farnborough, Hants 


From the data provided by van Egmond, Groen & Jongkees (1949) 
and criteria of similarity derived by K. E. Spells (private communication) 
enlarged models can be constructed which are dynamically similar to the 
living mechanism. In each canal model the ampulla-cupula system is 
replaced by an accurately machined cylinder and piston, the vestibule 


Fig. 1 


by a larger cylinder, and the canal by a ring-shaped tube. The cupula 
restoring force is provided by two springs situated one on each side of the 
piston. These springs are in turn attached to strain gauges which serve 
to measure piston displacement. The models are filled with a liquid of 
suitable viscosity representing the endolymph. 

In the first model, Fig. 1, the strain-gauge output is displayed on a 
galvanometer. In the second model the amplified output controls the 
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velocity of a servomotor mounted co-axially with the canal. The motor 
is caused to fly back when a pre-set deviation is reached. A plane mirror, 
which represents the eye, is driven by this motor. A beam of light reflected 
from this mirror allows its motion to be displayed and the whole system 
can be used to demonstrate nystagmus when the canal is rotated. 


REFERENCE. 
van Eamonn, A. A. J., Grozn, J. J. & Jonoxers, L. B. W. (1949). J. Physiol. 110, 1-17. 


Transverse impedance measurement of striated muscle 
By P. Farr. Department of Biophysics, University College London — 
The impedance of a flat muscle (frog sartorius or rat diaphragm) is 
measured by the application of a transverse electric field in the frequency 
range 1-5 to 130,000 c/s. Electrical contact is made with each side of the 
muscle through a saline-filled compartment separated from the muscle 
by a sheet of insulating material with a circular hole of 0-07 cm? area. 
Contact with the electrical measuring apparatus is then made by Pt 
-black-Pt on the walls of the compartment. The area of Pt is about 20 times 
that of the hole, to reduce the proportion of the total impedance contributed 


by the electrolyte-Pt interface at the lower frequencies. Spacing of the | 
electrical contacts with the muscle is controlled by a micrometer screw. — 


The electrical measuring apparatus consists of a direct comparison bridge 
with a frequency-selective amplifier as detector for frequencies below 
30 ke/s. The peak-to-peak voltage applied between the terminals of the 
electrode assembly at bridge balance is 15 mV. This is below the voltage 
at which variation of impedance with applied voltage becomes appreciable. 
The sensitivity of the detector and accuracy of the known arms of the 
bridge is such as to allow measurement of absolute impedance to be made 
to an accuracy better than 1 part in 1000 (for frequencies below 30 kc/s.) 


Measurements of complex impedance are obtained at frequencies differing - 


by the ratio of about 2-2 (3 steps per decade). 

Results obtained in a frog sartorius muscle soaked in solutions of 
different conductivity (NaCl replaced by sucrose) are illustrated. Specific 
impedance (in Q cm) for the muscle is plotted in the complex plane, the 
equivalent series resistance and reactance being plotted as abscissa and 
ordinate, respectively. A circular curve with centre below the abscissal 
axis fits the points for higher frequencies, as described by Bozler & Cole 
_ (1935). This impedance locus is attributed to current flowing through the 
muscle fibres, traversing the surface membrane with a capacity of 
about 2 »F/cm* and the myoplasm with a resistivity of about 200 Q cm. 


tu 


ia 
€ 
A 
fro 
> 
a 
a 
‘ 
\ 
~ 


SOCIETY, 24-25 MARCH 1961 11P 


A circular curve also fits the points for lower frequencies, as described for 
frog thigh muscle in Ringer’s solution by Schwan (1954). While the magni- 
tude of dispersion (taken as the difference in the intercepts of the circular 


Ro = 92:2Qem 15,000 
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Fig. 1. Plots of transverse impedance measurements on a frog sartorius muscle 
in solutions of different resistivities (R,). Impedance of the electrodes in series 
with the muscle has been subtracted. Impedance is represented as equivalent 
series resistance (abscissa) and capacitative reactance (ordinate) reduced to unit 
geometry. Frequencies in c/s are given for some of the plotted data, Circular 
curves are drawn in to show dispersions at high and at low frequencies. Upper plot 
gives data obtained with the muscle in Ringer’s solution; for the other two NaCl 
was reduced by replacement with sucrose. Temperature was 17-1-17-6° C. 


curve on the abscissal axis) is small for low frequencies compared to that 
for high, so that a high degree of accuracy of measurement is required to 
observe the low-frequency behaviour, this is made more prominent by 
decreasing the conductivity of the extracellular fluid as shown in the 


figure. 
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Results previously obtained with micro-electrodes rule out the possi- 
bility that the current flow producing the low-frequency dispersion passes 
- through the myoplasm. It is tentatively proposed that the low-frequency 
dispersion is due to current flowing through separate channels in the 
muscle fibre which electrically by-pass the myoplasm. The capacity from 
the extracellular fluid into these channels, referred to the surface of the 
fibre, would be about 70 »F/cm?, and the resistance of the channels, 
referred to the bulk of the fibre, would be about 15,000 Q cm. The increased 
prominence of the low-frequency dispersion with decreased external 
conductivity results from the relative constancy of the electrical — 


of the muscle fibre. 
REFERENCES 


Bozuer, E. & Corz, K. 8. (1935). J. cell. comp. Physiol. 6, 229-241. 
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The measurement of sodium fluxes in single oocytes of Bufo bufo 


By D. A. T. Diox and E. J. A. Lea. Department of Human Anatomy, 
University of Oxford 

By the use of a small sandwich of phosphor in a scintillation counter, 
B-radiation from *4Na has been measured with high efficiency and low 
background. Plastic phosphor NE 102 (Nuclear Enterprises Ltd.) was 
machined to the dimensions shown in Fig. 1. Radiation from a single cell 
placed in the well in one half of the sandwich is measured with almost 
100% efficiency, while by designing the half-thickness of the sandwich 
equal to the maximum range of **Na -particles, approximately 6 mm, 

a minimum of background radiation is intercepted so that a background 
of only 16 counts/min is obtained. With *4NaCl solution (Code SGS 1, 

Radiochemical Centre, Amersham) activities up to 6-0 counts/min/p-mole 
Na have been recorded on the counter, giving an activity of up to 300 
counts/sec/cell. By use of a braking pipette (Holter, 1943) the cell can be 
recovered after measurement so that repeated counts can be made on the 
same cell. . 

Individual oocytes 500-900 » in diameter are obtained by treating the 
ovaries of young females for 1 hr at 30° C with 0:5 % trypsin in calcium- 
free Ringer’s solution adjusted to pH 8-0. Subsequent Na and K concentra- 
tions measured on groups of seven oocytes by flame photometry averaged 
20 and 105 mm/I. cells for the first 20 hr, and 30 and 100 m/l. cells between 
20 and 30hr after trypsinization. Water content averaged 72%. Na 
fluxes were measured by immersion in phosphate-buffered Ringer’s solution 
containing “NaCl. During uptake of *4Na, activity is measured after five 
washes in inactive solution and the time occupied by this and by the 
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actual counting necessitates an interruption in the uptake of activity 
during which exponential loss is assumed. Efflux is measured in inactive 
Ringer's solution. In a typical experiment influx was 1-65 p-mole/cm?.sec 
and the efflux rate constant 0-00109 min-!. These flux rates may be con- 
verted to permeability coefficients assuming that flux is proportional to 
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concentration, giving k,,, 1-5 x 10-* u/sec and k,,, 23 x 10-4 p/sec. These 
are comparable with those obtained by Hodgkin & Horowicz (1959) on single 
_ frog muscle fibres, 2-9 and 38 x 10- 1/sec, respectively, but much lower than 
those of Abelson & Duryee (1949) in frog oocytes, 61-6 and 1700 x 10-4 y/sec. 
It may be noted that Abelson & Duryee obtained oocytes by dissection 
and found an internal Na concentration of 39 mm/I. cells, so that the state 
of the cells was probably different. Efflux appears to be strictly exponen- 
tial between 1 and 10 hr, but a fast component is often present during the 
first hour while between 10 and 30 hr the loss rate was lower. However, 
' calculation suggests that only 40-50 wn of the cell Na is replaceable by 7 
labelled sodium. 

The expenses of this work were met. by a grant from the Medical Research Council. 
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An instrument trolley for use in mammalian physiology 


By D. R. Bacon, M. pz Buren Day and Mary J. Scorr. Department of 
Physiology, St Bartholomew's Hospital Medical College, London, H.C. 1 
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Responses to acetylcholine in aneural segments of frog muscle 


By B. Karz and R. Miter. Department of Biophysics, University College 
London 


The membrane constants of denervated skeletal muscle 
By 8. J. Husparp. Department of Physiology, U niversity College London 


Computation of cardiac action and pace-maker potentials 
By D. Nostz. Department of Physiology, University College London 


An electron microscope study of two types of avian skeletal muscle 
fibre 


By B. L. Gryssore and B. Mackay. Departments of Pharmacology and 
Anatomy, University of Edinburgh 


Effects of peripheral stimulation on unit discharges in the thalamus 


By A. Anes and G. D. Dawson. Department of Physiology, University 
College London 


A fluorophotometer for measuring the concentration of fluorescein 
in the tissues of the eye 


By D. M. Maurice. Ophthalmological Research Unit, Institute of Ophthal- 
mology, Judd Street, London, W.C. 1 


A frequency integrator for recording nerve discharges 
Cholinergic potentiation of the response to gastrin 


Gastrin prepared by the method of Gregory & Tracy (1960, 1961) was 
given subcutaneously every 15 min to dogs with totally extrinsically 
denervated fundic pouches (Gregory, 1958). When the rate of acid secre- 
tion reached a plateau, the dose of gastrin was doubled and this procedure 
was repeated until no further rise in acid secretion occurred. In three 
dogs the maximal rate of acid secretion attained varied from 12 to 35% 
of the maximum achieved with histamine stimulation under similar test 
conditions. When Mechothane (urethane of béta-methyl choline) was given 
in a dose of 0-2 mg subcutaneously every 15 min for 3 hr before gastrin 


By R. A. Wesster. Department of Pharmacology, University College 


By M. I. Grossman. The Physiological Laboratory, University of Liverpool 
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and then continued throughout the remainder of the test, the maximum 
rate of secretion in response to gastrin was 2-8 times the level achieved 
without Mechothane. The maximum rate of acid secretion in response 
to histamine with Mechothane was 1-2—1-4 times the level without Mecho- 
thane. The maxima with gastrin plus Mechothane were 60-78% of the 
maxima with histamine plus Mechothane. 

Superimposition of submaximal gastrin stimulation upon a background 
of Mechothane stimulation produced an increase in the output of both acid 
and pepsin which was sustained for the entire 3 hr period during which 
gastrin was given. 

After a plateau of secretion had been established in response to sub- 
maximal doses of gastrin every 15 min, 1-2 mg atropine sulphate was 
given intravenously and gastrin injections were continued. Acid secretion 
fell almost to basal levels within 30 min after atropine and remained 
depressed for 2 hr. Secretion stimulated at a similar rate by histamine 
was inhibited much less by atropine. | 

An effect similar to that produced by providing a background of Mecho- 
thane stimulation was achieved by distending the denervated fundic 
pouches with 80 ml. of 0-9°% NaCl solution. In four dogs the acid response 
of the distended pouch to a single subcutaneous injection of gastrin was 
_ 2+1-5-8 times that of the undistended pouch. Pepsin output in response 

’ to gastrin injection was also increased by distension of the pouch. 

It is concluded that (a) cholinergic stimulation potentiates the action 
of gastrin more than the action of histamine, (6) against a background of 
cholinergic stimulation gastrin can produce a sustained increase in pepsin 
output, and (c) distension of an extrinsically denervated fundic pouch 
results in potentiated acid and pepsin responses to injected gastrin. The 
latter effect is assumed to be mediated by a local cholinergic reflex which 
probably operates when a meal is eaten. 
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Two-stage transfer of glycine by the intestine in vitro | 

By H. Newry* and D. H. Smytu. Department of Physiology, U niversity 

of Sheffield , 
Newey & Smyth (19602) showed that dipeptides present in the intestinal 


lumen enter the epithelial cells and undergo intracellular hydrolysis. 
Some of the amino acid formed is absorbed, while some diffuses back into 
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the intestinal lumen. Experiments were undertaken to investigate further 
the cellular mechanisms for peptide and amino-acid transfer. 

The preparation was the sac of rat everted intestine (Wilson & Wiseman, 
1954). Sacs were incubated in bicarbonate saline containing peptide or 
amino acid for 30 min in various conditions. With glycine or glycyl- 
glycine initially present in equimolar concentrations (15-1 mm) in the 
mucosal fluid, the amounts of glycine transferred to the serosal side were 
about equal, and with glycyl-glycine about half the glycine formed diffused 
back into the mucosal fluid. As Newey & Smyth (19606) have suggested 
a special mechanism for glycyl-glycine entry, a possible explanation was 
that a transfer mechanism at the luminal border of the cells could transfer 
both glycine and glycyl-glycine, but in the case of glycyl-glycine one mole- 
cule of glycine was split off intracellularly during transfer and returned to 
the intestinal lumen. This was tested by using NH,CH,CONH“CH,COOH 
in the mucosal fluid. This showed clearly that the two constituent glycine 
molecules were equally involved in transfer and back diffusion. This 
explanation was therefore éxcluded. 

An alternative explanation is that after intracellular hydrolysis about 
half the glycine formed enters a transfer mechanism in the cell, while half 
diffuses back into the mucosal fluid. This requires a certain intracellular 
location of the peptidases and transfer mechanism, and the transfer 
mechanism must be an ‘exit’ mechanism on the serosal side of the site of 
peptidase activity. Further evidence for such a mechanism was shown 
by anaerobic experiments, in which the proportion of glycine diffusing 
backwards was greatly increased, while that transferred to the serosal side 
was diminished by 60%. Dinitrophenol (2 x 10-* m) had the same effect. 

The mechanism was further studied by investigating simultaneous 
transfer of methionine with glycine or glycyl-glycine. When glycyl-glycine 
and methionine were initially present, although the amount of glycine 
formed was reduced (owing to the inhibition of the peptidase by methio- 
nine) and methionine transport was not appreciably affected, the fraction 
of glycine transferred to the serosal side was reduced only by 10%. If, 
however, glycine and methionine were initially present in the mucosal 
fluid in equimolar quantities (15-1 mm), glycine transfer was inhibited 


by 43%. This suggests that the main site of methionine inhibition i is not 


the ‘exit’ mechanism affected by anoxia. 


There may therefore be two stages in glycine transfer; (1) an entry 
mechanism susceptible to methionine inhibition, and (2) an exit mechan- 
ism damaged by anoxia. 
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The distances between rods in the cat’s retina ) 


By E. H. F. H. C. Marriorr and B. Morris. University 
Laboratory of Physiology, Oxford 

The distance between the centres of adjacent rods in the cat’s eye has 
been measured in a horizontal section of the retina. A cat, 2-5 kg in weight, 
was killed by coal gas. The eyes were immediately removed and their 
antero-posterior and equatorial diameters quickly measured before fixa- 
tion in Bouin’s fluid. 

Both eyes were dehydrated in cellosolve and embedded in low-viscosity 
nitrocellulose. Sections were cut horizontally through the posterior part 
of the retina of one eye. From those sections which passed through the 
outer segments of the rods enlarged photo-micrographs were prepared; 
centre to centre distances were then measured on these photomicrographs. 
The average of several measurements was about 1:3 p. 

An estimate of the shrinkage that had occurred during the preparation 
of the section was made by measuring the antero-posterior and equatorial 
diameters of complete vertical sections of the other eye and comparing 
these values with those measured in the eyes before fixation. The apparent 
shrinkage was 10%. | 

The true centre to centre distance of the rods was thus about 1-4 yu. This 
corresponds to about 50 million rods/em?. A previous estimate (Marriott, 
Morris & Pirenne, 1959) making no allowance for shrinkage gave 46 million/ 
cm?; if the same correction is applied, the adjusted value is about 38 million/ 
cm?. The difference between the adjusted estimates is within the limits of 
experimental error which might be expected when using this method. 

According to Osterberg (1935) the maximum density of rods in the 
human retina is about 16 million/em?, and the mean density about 
13 million /cm?. 
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A gastric phase of pancreatic secretion in cats _ 
By E. L. Buam, D. G. Cuarg*, A. A. Harper, H. J. Lake and 
T. ScratcHEeRD. Department of Physiology, Medical School, aime 8 College, 
Newcastle wpon Tyne, 1 

Previous workers have not been able to demonstrate the release from the | 
stomach of a humoral agent capable of stimulauny pancreatic secretion 
in the dog (Magee, 1959; Hudock & Lawrence, 1959) or the cat (Harper & 
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Vass, 1941). On the other hand it has been shown that extracts of the 
antral mucosa of man, cat, dog, and pig, when injected intravenously into 
cats, produce a marked increase in the output of pancreatic enzymes with 
relatively little effect on the rate of flow of juice (Blair, Harper, Lake, 
Reed & Scratcherd, 1961). The possibility that there is a gastric humoral 
phase of pancreatic secretion has therefore been re-investigated. 

The experiments were performed on cats anaesthetized with chloralose. 
The vagus and splanchnic nerves were cut, and in some instances the 
coeliac ganglia were also removed. The pylorus was occluded and pan- 
creatic juice collected from a cannula in the pancreatic duct. The ligature 
around the pancreatic duct included the bile duct, to prevent the entry 
of bile into the duodenum. A steady background flow of pancreatic juice 
was maintained throughout by repeated intravenous injections of secretin. 
The stomach was intubated via the oesophagus, and in some experiments 
separate intubation of the pyloric antrum and of the body of the stomach 
was achieved by tying a ligature at the junction of the body and the 


antrum. In some of the experiments 0-01 mg carbaminoyl-f-methyl | 


choline chloride was injected subcutaneously every 15 min as a sensitizing 


procedure (Grossman, Robertson & Ivy, 1958), but this was not essential — 


for the production of the results to be described. 

Various forms of gastric stimulation increased the output of pancreatic 
_amylase with little or no effect on the rate of flow of pancreatic secretion. 
The stimuli included the introduction of meat digests or extracts into the 
whole stomach or pyloric antrum, or distension of the stomach or antrum 
with a ba'loon, 0-3 osmolar glycine, or 0-005 normal HCl. The most con- 
sistently successful experiments were those in which distension was pro- 
duced with glycine or HCl. The responses to meat extracts could be 
markedly enhanced if acetylcholine were added to the extracts to a 
concentration of 0-5°%. No increase in the enzyme output was observed 
when the stimuli were confined to the body of the stomach. 

This evidence, combined with that of the results of the injection of antral 
extracts, supports the view that there is a gastric phase of pancreatic 
secretion, 


We wish to thank Messrs Oxo Ltd. for the supply of meat extracts. 
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The effect of neuronal rest on the liberation and uptake of the 
sympathetic transmitter by the spleen of the cat 


By G. L. Brown, B. N. Davrus and C. B. Ferry. University Laboratory 
of Physiology, Oxford 


_ The variability of the proximal convoluted tubules in the mianeys 
of rats 
By J. M. N. Boss. Department of Phyetetony University of Bristol 


Young male white rats (150-200 g), after fasting overnight with free 
access to water, were treated thus: in nine rats water diuresis (1-0- 


3-5 ml./15 min) was induced, in a further eight rats water diuresis was 
induced and then inhibited by subcutaneous Pitressin (vasopressin, . 


Parke, Davis; 25-30 m-u./100 g body wt.), five rats were given the 
hormone but no water, and five were given neither water nor hormone. 
Kidneys of all rats were fixed and stained by Bharadwaj & Love’s (1959) 
method for mitochondria, and those of some by LaCour, Chayen & Gahan’s 
(1958) method for lipids, or with Heidenhain’s Azan after fixation in 
Zenker’s fluid. 

~ Proximal tubules (1st simenl Cells contained a variable number of 
lipid droplets. Where the latter were close together it was difficult to find 
mitochondria between them, and it was possible, but not ascertainable, 
that droplets had formed by the confluence of mitochondrial material. 
The lumen tended to be smaller in diameter in tubules with numerous 
conspicuous droplets. Lipid was never certainly seen in the lumen of any 
tubule. 

Proximal tubules (2nd segment). In this region the mitochondria, unlike 
the rods of the first segment, were small spheres, about 0-3 » in diameter, 
giving the cytoplasm of many cells a granular appearance. In some tubules 
the cells were swollen and the mitochondria more widely separated. When 
the cells were compact in structure the lumen of the tubule varied in 
cross-section from a full circle down to a stellate crack. If, however, the 
cells were swollen, the lumen was never widely patent and was often com- 
pletely occluded. The proportion of tubules in either of these states varied 
between kidneys. 

The frequency of the variations i in either part of the proximal convoluted 
tubule could not be correlated with the procedures | to which the rats had 
been subjected. 
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Contracture of the denervated rat diaphragm by adrenaline 


By K. D. Booona and M. Scuacutsr. Department of Physiology, U niversity 
College London 

It is long known that the twitch of most skeletal muscles produced by 
nerve or by direct stimulation is enhanced by simultaneous stimulation 
of its sympathetic nerve or by injection of adrenaline (Orbeli, 1923; Michol, 
1930). In extensive studies since then there has been no évidetins that 
adrenaline or sympathetic nerve stimulation by themselves contract 
innervated skeletal muscle (Biilbring & Burn, 1940; Brown, Biilbring & 
Burns, 1948; Goffart & Ritchie, 1952). It has been reported, however, 
that adrenaline produces contracture of denervated facial muscles in the 
dog (von Euler & Gaddum, 1931; Luco, 1959). 

The present experiments demonstrate that adrenaline (4x 10-*- 
4x 10-? g/ml.) regularly produces a contracture of the isolated rat dia- 
phragm in Tyrode solution (NaCl, 0-8%; KCl, 0-02%; CaCl,, 0-02%; 
NaH,PO,, 0:005%; NaHCO,, 0-1°%; glucose, 0-1°%) after degenerative 
section (10-25 days) of the phrenic nerve. Adrenaline was used as bi- 
tartrate and concentrations are expressed as base. 

The properties of the adrenaline-induced contracture were: (1) It was 
slower than that evoked by ACh, was maintained much longer and was 
never as great as could be obtained with ACh (10-*-10~’ g/ml.). (2) It 
occurred when the diaphragm was tested at 34-37° C but failed to occur 
at lower temperatures (15-18° C); ACh-induced contractures on the other 
hand were much greater at the lower temperature. (3) It was unaffected 
by eserine (5x 10-*g/ml.), which increased the effect of ACh; or by 
D-tubocurarine (10~-* g/ml.) which reversibly antagonized the action of 
ACh. (4) Like the ACh-induced contracture it was greatly reduced or 
abolished when calcium was omitted from the Tyrode solution; this effect 
of calcium was reversible. 

The denervated rat diaphragm responded by contracture to other 
choline esters such as butyryl- and dimethylacrylylcholine; also to tetra- 


methylammonium and to nicotine. It did not respond at all to smooth- — 


muscle stimulants such as histamine, 5-hydroxytryptamine, bradykinin, 
or pilocarpine. 

These results suggest that the specificity of the receptors to acetyl- 
choline does not change in skeletal muscle after degenerative section of 
its motor nerve, and that the receptors for ACh are different from those 
for adrenaline, 
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The assay, preparation and properties of urogastrone 


By V. M. Rosrnogr* and H. O. Scamp. Department of Pharmacology, 
University College London 

Inhibition of acid gastric secretion by extracts of human urine was 
first reported in 1939 and the active principle was called ‘urogastrone’ 
by Gray, Culmer, Wieczorowski & Adkison (1940). The purification of 
urogastrone has been studied most recently by Gregory (1955), but progress 
in its characterization has been impeded by lack of a quantitative bio- 
assay method. | 

We have developed a method of assay based on the perfused rat- 
stomach preparation (Ghosh & Schild, 1958). The stomach of a urethanized 
rat is perfused with a dilute phosphate—citrate buffer, the pH of which is 
continuously recorded. Intravenous injections of 1 yg carbachol cause 
a fall of pH of the perfusate lasting 45-60 min. This acid response can be 
antagonized by the intravenous administration of urogastrone 5 min earlier 
and the log. dose-effect relationship for urogastrone is linear over a four- 
fold dose range. A self-contained assay block of four doses of inhibitor 
may be obtained with each animal. This involves ten to twelve injections 
of carbachol including recovery doses of carbachol alone between injec- 
tions of the inhibitor, the whole experiment lasting about 10 hr. 

Urogastrone is extracted from male urine by a modification of the pro- | 
cedure described by Johnsen (1955) for the bulk extraction of urinary 
gonadotrophin. The active material is adsorbed on a zeolite column and 
differentially eluted with a buffered ammonium acetate—alcohol solution 
yielding 3-8 mg/l. urine of a tan brown Biuret-positive, Molisch-positive 
powder which inhibits acid secretion in a rat in doses of 0-5-2 mg. 

The urogastrone activity is retained on boiling at pH 6-8 for 30 min, 
but is rapidly lost on boiling in N-HCl, with a half time of approximately 
15 min. The activity is gradually destroyed by incubation at 38° C with 
chymotrypsin at pH 7:8 and with pepsin in N/10 HCl. There is an exponential 
decline of activity to about 5-10% in 24 hr on incubating 20 mg crude 
urogastrone with 1 mg of a purified preparation of either of these enzymes. 
Similar incubation with trypsin at pH 7-8 causes only slight loss of activity 
which may be due to contamination with chymotrypsin. Treatment of 
crude urogastrone with reducing agents such as cysteine sie mM) and 
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sodium sulphite (50 mm) produces considerable reduction of activity. It is 
_ concluded that urogastrone is probably a and that 
bonds are important for its activity. 
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Excitability changes following subliminal stimulation of frog 
_ Skin mechanoreceptors 


By W.T. Catron. Physiology Department, Medical School, King’s College, 
University of Durham, Newcastle upon Tyne, 1 


Subliminal mechanical or electrical conditioning stimuli, applied by 
means of a metal stylus to the outer surface of a frog skin-nerve prepara- 
tion, gave rise to changes in excitability of single receptors, revealed by 
brief mechanical or electrical test stimuli, The other electrode consisted of 
a silver plate (1 cm diameter) in contact with the inner surface. The effects 
observed depended on the intensity and duration of the subliminal con- 
ditioning stimulus, and in the case of an electrical stimulus on its polarity. 
Brief (+ 2 msec) mechanical or cathodal stimuli produced a very short 
phase of supernormality followed by a period of subnormality not ex- 
ceeding about 10 msec in most cases, but occasionally lasting for 50 msec 
or more. With longer conditioning stimuli (20-30 msec) pronounced 
excitability changes were found only at the beginning and end of the pulse. 
For a long subliminal mechanical pulse there was a brief sharp rise of 
excitability at the beginning and a smaller rise at the end of the pulse; 


during the pulse there was a low plateau of increased excitability. For 


a long subliminal cathodal pulse there was a sharp rise at the onset and a 
sharp fall at the end; during the pulse the excitability was above normal 
but gradually declining. For.a long anodal pulse the effects were the 
opposite of these. With stronger electrical stimuli a spike was fired at the 
onset of a cathodal pulse or at the end of an anodal pulse. With long 
mechanical pulses the off-threshold was about five times the on-threshold. 

The results support the view that mechanical stimulation causes 
depolarization of the receptors, which show dynamic and static phases of 
excitability change reminiscent of the dynamic and static phases of the 
radial displacement of lamellae of the Pacinian corpuscle (Hubbard, 1958) 
and of the generator potential of the frog’s muscle spindle (Katz, 1950). 
The off-response is foreshadowed by a sharp rise in excitability at the end 
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of a long subliminal mechanical stimulus. The brief dynamic excitability 
changes at the beginning and end of a long mechanical pulse may be a 
reflexion of the property of rapid adaptation characteristic of many frog 
skin mechanoreceptors. 
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Histamine formation in the rat 


By Latiraa Kameswaran,* J. M. Terorp and G. B. Wrest. Department 
of Pharmacology, School of Pharmacy, University of London 
Kahlson (1960) has postulated that the histamine-forming capacity of 
rat tissues is related to growth. The following results, obtained using a 
modification of Waton’s method (1956), cast doubt on this theory. 
(1) The histidine decarboxylase activity of the foetal liver was less than 
that of the adult liver when calculated per tissue instead of per gram, 
except during the last 2 days of pregnancy. Little or no activity was 
detected in the foetus before the 13th day of gestation or in the young rat 
before the 10th day of life. 
(2) Different optimal conditions were required for the determination of 
histidine decarboxylase activity in the foetal liver, the adult liver and the 
adult pyloric stomach of normal rats (Telford & West, 196la, 6). On 
treatment with histamine liberators or glucocorticoids, and on exposure to 
cold, the enzyme activity of the adult liver was reduced but that of the 
pyloric stomach was increased. 
(3) The high histidine decarboxylase activity of a transplantable rat 
hepatoma (Mackay, Marshall & Riley, 1960) was confirmed, but even 
greater activity was found when portions were necrotic. The tumour 
enzyme required for optimal activity conditions resembling those for the 
foetalenzyme. 
(4) The histidine decarboxylase activity of the liver was reduced during 
the period of maximal regeneration after partial hepatectomy. Urinary 
histamine was decreased. | 
These results suggest there are 3 types of histidine decarboxylase in the 
rat, none of which may be related to growth. Thus, that:in the foetus may 
produce histamine to increase the foetal and placental blood supply, and 
to inhibit the mother’s uterine movement; that in the adult liver, which 
shows very high in vitro activity, may produce histamine to function 
throughout the body; and that in the adult pyloric stomach may produce 
histamine-to function as a local stimulus of gastric secretion. The hepatoma 
| * Colombo Plan Scholar. 
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enzyme may produce histamine to increase the blood supply to the 
tumour. 

When this work was extended to the rabbit and guinea-pig the foetal 
histidine decarboxylase activity was found to be low, suggesting that in 
these species also the enzyme may not be related to growth. 
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Folic acid requirements in man 


By J. P. Knowzus, T. A. J. Pranxerp and R. G. Medical 
Unit, University College Hospital Medical School, London, W.C.1 


Folic acid requirements in man are not yet known (Girdwood, 1959). 
The most satisfactory method of determining the folic acid stores of an 
individual is probably by following the excretion of formimino glutamic 
acid (FIGIu) in the urine after an oral dose of histidine (Tabor, Silverman, 
Mehler, Daft & Bauer, 1953). This compound can be separated in the 
urine by high-voltage electrophoresis (Knowles, Prankerd & Westall, 1960). 

In normal individuals after a 20 g dose of histidine only traces of FIGlu 
may be excreted between 5and 10hr. By collecting urine for 6 hr following 
the histidine the FIGlu concentration becomes too low to be detectable 
in normal persons, but is sufficiently high in folic-acid-deficient individuals. 
Estimation of FIGlu clearance shows that, unlike other amino acids, the 
clearance of FIGlu is high, about 120 ml./min. 


A study has been made of four patients fed on an artificial liquid diet — 
which appears to provide a complete replacement of all known dietary ~ 


requirements except folic acid. Estimation has shown that its folic acid 
content is less than 0-5ug/kg (Fleming, A., personal communication). On 
such a diet individuals showed an abnormal excretion of FIGlu after 
4-5 weeks. A further patient fed on the same diet with the addition of 
foods containing 2-5 yg of folic acid daily did not excrete excess FIGlu 
after histidine (30 g) loading even after a period of 3 months. Thus it would 
appear that the minimum folic acid requirements in man are of the order 
of 5 wg per day, which would suggest that the total body stores do not 
normally exceed 0-2 mg. After treatment with folic acid the FIGlu 


excretion returns to normal, but in contrast to the rapid effect of folic acid — 


on a megaloblastic bone marrow, a matter of hours, there is a delay of 
several days before FIGlu excretion returns to normal. 
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Perfusion of the giant nerve fibres of Loligo 


By P. F. Baxzr, A. L. Hopextn and T. I. Saaw. The Laboratory of the 
Marine Biological Association, Plymouth 

As has been mentioned in a preliminary report (Baker & Shaw, 1961), 
giant nerve fibres give propagated action potentials after the axoplasm 
has been replaced with an artificial solution. The method consisted in 
cannulating an axon at one end, squeezing out axoplasm through the 
other end and re-inflating the flattened sheath with isotonic solutions 
such as potassium sulphate, methylsulphate or isothionate. After intro- 
ducing an internal electrode, the quantitative effects of different solutions 
were determined by applying fluid through a cannula at one end of 
the fibre and withdrawing it from the other, often through a second 
cannula. 

In spite of the drastic treatment, axons filled with isotonic potassium 
solutions (plus phosphate buffer, pH 7-8) remained excitable for several 
hours and were capable of carrying a large number of impulses, e.g. 
3x 10° at 16° C. The action potential (90-110 mV) and the resting poten- 
tial (50-70 mV) were of the usual magnitude and the shape of the spike 
was similar to that in an intact fibre. | 

Changes in the composition of the internal solution gave rapid and 
reversible effects of the kind expected from the ionic theory. Partial 
replacement of K by Na first reduced and then abolished the action 
potential with little change in resting potential; complete replacement of 
K by Na reduced the resting potential by 40-50 mV. With isotonic KCl 
outside and isotonic NaCl inside, the normal resting potential was reversed, 
the intérnal solution being 50-60 mV positive to the external solution. 
The resting potential was close to zero if similar solutions were placed on 
either side of the membrane. : 

The communication will be illustrated by histological preparations 
which show that extrusion and subsequent perfusion remove nearly all — 
the axoplasm. 
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Effects of afferent stimulation on reticulo-spinal neurones 
By J. H. Wotstencrort. Department of Physiology, University of Leeds 


Extracellular action potential recordings have been made from single 
neurones in the medial reticular formation of the medulla of decerebrate 
cats with glass micro-electrodes of tip diameter 1-10 ». Reticulo-spinal 
- neurones have been identified by antidromic stimulation in the spinal 
cord. Many of these neurones respond to impulses generated by both 
nociceptive cutaneous and muscle afferent stimulation as shown by 
physiological methods and by electrical stimulation of muscle and cu- 
taneous nerves supplying the four limbs and the neck. Reticulo-spinal 
neurones responding to these stimuli can be divided into two groups: 


(i) those excited by all applied stimuli, (ii) those showing patterns of | 


excitation and inhibition. For both groups the receptive field covers a 
very wide area of the body. 


The effect of infusions of noradrenaline on the O, consumption 
of young animals 


By J. W. Scopss and J. P. M. Tizarp. The N whl Institute for Medical 
Research, University of Oxford 


Von Euler & Soderberg (1958) showed that intravenous infusion of 
adrenaline or noradrenaline into anaesthetized adult cats at a rate of 
1—2 yg/min induced shivering and caused an increase in body temperature. 


Moore & Underwood (1960) found that subcutaneous injection of very , 


large doses of noradrenaline into infant kittens caused an increase in O, 
consumption and rectal temperature. The object of the present experi- 
ments was to determine the threshold dose of noradrenaline required to 
cause an increase in O, consumption in young animals, when given by 
intravenous infusion. 


In rabbits and kittens, from birth up to 1 month of age, O, consumption - 


was measured either under general anaesthesia (chloralose or pentobarbi- 
tone) or after introduction of a venous catheter under local anaesthesia. 
Under general anaesthesia, tidal air, respiratory rate and blood pressure 
were also recorded. An infusion of noradrenaline at a rate of 1 yg/kg.min 
caused a rise in O, consumption in animals not under general anaesthesia. 
In anaesthetized kittens and rabbits rather larger doses were required ; 
2 wg/kg.min was almost always effective. These doses caused a large rise in 
blood pressure, an increase in the minute volume of respiration and an 
increase in rectal temperature. Occasionally, in a cold environment and 
in older kittens visible shivering was induced. 

At environmental temperatures below the neutral range, the O, con- 
sumption still rose on infusion of noradrenaline, but the magnitude of 
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the rise seemed to be dependent on the degree of stability of body tempera- ~ 
ture. Hypoxia (breathing 8-10% O,) greatly diminished the response, 
but hypercapnia (breathing 5°% CO, in air) did not diminish the rise in 
body temperature consequent on the infusion. 
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Cardiac output and forearm blood flow during intravenous infusion 
of adrenaline in man 


By M. J. Atuwoop, E. W. Krox, R. J. Marsa and J. T. 
Mayo Clinic and Mayo Foundation, Rochester, U.S.A. 


The recovery of electrical activity in the optic tectum of the frog 
during early regeneration of the optic nerve 


By M. Jacosson. Department of Physiology, U niversity of Edinburgh 


The left optic nerve was cut close to the optic chiasma in 40 adult frogs 
(Rana temporaria). After 20-120 days these frogs were used for mapping 
the projection of the left visual field on to the right optic tectum. Action 
potentials evoked in response to a spot of light subtending an angle of 
10’ in the frog’s visual field were recorded by means of a steel micro- 
electrode on the tectum and amplified in the usual manner. The responses 
consisted of groups of action potentials from many units. 

No evoked responses were obtained from nine frogs. In sixteen ‘ecu 
the normal retinotopic projection on to the optic tectum had been restored 
after optic nerve regeneration. In fifteen frogs responses were not obtained 
from their normal positions, but could be evoked only from one or two 
localized regions of the visual field. In eight frogs there was a small region 
in the nasal half-field from which a light evoked responses in the lateral 
half of the tectum, and another region in the temporal half-field from which 
responses were evoked in the medial half of the tectum (Fig. 1). In five 
frogs only the nasal responsive region was present, and in two frogs only ~ 
the temporal responsive region. In these cases the responsive region pro- 
- jected on to the appropriate half of the optic tectum, and no evoked 
potentials could be recorded from the other half of the tectum. 

These results indicate that optic axons regenerate first from a localized 
region in each half-retina rather than simultaneously from all parts of the 
retina. Though each half-retina had established functional connexions 
_ with the appropriate half of the optic tectum, a more detailed retinotopic 
projection was not apparent. It is suggested that segregation of optic 
axons in the optic tract may have occurred, so that axons from the nasal 
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Fig. 1. The projection of the left visual field on to the right optic tectum 68 days 
after transection of the left optic nerve. The outline of the right optic tectum shows 
electrode position at which action potentials were evoked in response to-a light 
at the positions shown in the visual field. 


a 
: la 
B 
end 
t 
| 


SOCIETY, 24-25 MAROH 1961 29P 


and temporal half-retinae regenerated selectively into the medial and 
lateral brachia of the marginal optic tract. 


Interaction in the visceral sensory areas of the cerebral cortex 
By P. P. Newman. Department of Physiology, School of Medicine, Leeds 


The discharge patterns of single cortical neurones evoked by stimulation 
of a splanchnic nerve have been previously reported (Newman, 1961).. 
It was observed that increases in intensity of nerve stimulation reduced 
the mean latency of the first spike, increased the number of spikes per 
discharge and increased the probability of response. © 

In cats under light pentothal anaesthesia forms of occlusive interaction 
from two peripheral sources have been studied. The animals were paralysed 
with Flaxedil and artificially ventilated with 100% oxygen. It was found 
that many cortical units evoked by splanchnic stimulation could also 
be driven by touching or stroking the abdominal skin. In order to demon- 
strate possible interaction between the two pathways a pair of needle 
electrodes was inserted into the skin on the same side as the splanchnic 
nerve. Temporal separation of the stimuli was effected by means of two 
pulse generators of variable delay which were triggered to the sweep of 
an oscilloscope. When a unit which responded to splanchnic stimulation 
was isolated, previous stimulation of the skin resulted in a striking altera- 
tion of the cortical response. | 

In one type of experiment a conditioning stimulus was delivered to the 
skin and a testing stimulus to the splanchnic nerve. When the interval 
between the two stimuli was more than 60 msec there was no observable 
interaction. As the conditioning—test interval was gradually reduced the 
unit responded less frequently to splanchnic stimulation and finally ceased 
to fire unless the conditioning stimulus was switched off. At the same time 
the mean latency of the test response progressively increased until com- 
plete occlusion occurred. In a second type of experiment reversing the 
sequence of stimulation yielded comparable results. The unit failed to 
respond to stimulation of the skin when the conditioning—test interval was 
less than 30 msec. 

It may be concluded from these experiments that splanchnic and 
cutaneous pathways converge in the central nervous system and influence 
the same cortical neurone. The most prominent change observed was 
occlusion of the test response. The results give support to the earlier 
investigations of Amassian (1952) on interaction in the somato-visceral 
projection system. 
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The infusion of brain extracts into the anterior pituitary gland 
and the secretion of gonadotrophic hormone 


By H. J. G. J. Garcia and G. W. Harris. 
ments of Neuroendocrinology and Biochemistry, I nstitute of Psychiatry, The 
Maudsley Hospital, London, 8.E.5 


Much evidence exists that the hypothalamus regulates anterior pituitary 
activity by means of a humoral mechanism involving the hypophysial 
portal vessels of the pituitary stalk. These vessels originate in the median 
eminence of the tuber cinereum. Extracts obtained from median eminence 
tissue, and from other parts of the brain (cerebral cortex, caudate nucleus 
and corpus callosum) have been slowly infused (0-134 ml. in 2 hr) into the 


Taste 1. The effect of intrapituitary and intravenous infusions of 
various substances on ovulation in the rabbit 


Route of administration © 
‘Intrapituitary Intravenous 
| No. of Rabbits No.of Rabbits 
Substance Dose* expts. ovulating expts. ovulating 
Extracts of 100 7 
median eminence 50 14 4 
20 25 16 10 0 
10 14 10 wie ns 
5 13 9 — — 
2-5 23 12 
1-0 7 0 
Extract of 50 an om 2 0 
cerebral cortex, 20 24 1 = — 


caudate nucleus and 
corpus callosum 


* Dose expressed as mg wet weight of tissue. 


_ anterior pituitary gland of isolated female rabbits by means of platinum 
cannulae (S.W.g. 25) implanted one week previously. During infusion 
the animals were conscious and unrestrained. The brain tissue, obtained 
_ from rabbits and steers, was extracted with 0-5% acetic acid at 100° C 
for 5min. After centrifuging, the supernatant was neutralized, made 
isotonic and kept frozen until used. Infusions have also been made of 
substances known to be present in the hypothalamus (synthetic lysine 
vasopressin, synthetic oxytocin, substance P and neutralized solutions of 
adrenaline, histamine ‘and serotonin). The brain extracts have also been 
slowly infused (2-1 ml. in 2 hr) intravenously. 
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It may be seen from Table 1 that (a) intrapituitary infusion of control 
solutions was followed by ovulation in only 3 out of 73 experiments, 
(b) intrapituitary infusion of median eminence extract (2-5-20-0 mg wet 
weight of tissue) was followed by ovulation in 47 out of 75 experiments, 
and (¢c) intravenous infusion of median eminence extract (20 mg) did not 
excite ovulation, although infusions at a higher dose (50-100 mg) resulted 
in ovulation in 5 out of 21 experiments, It seems unlikely that the effect of 
intrapituitary infusion of median eminence extract may be explained in 
terms of pituitary damage or contamination of the extract with gonado- 
trophic hormone. Median eminence tissue probably contains a specific 
substance which stimulates the release of gonadotrophic hormone from the. 
anterior pituitary gland. 


Attempts to isolate pyruvylcholine 


By E. W. Guu, J. A. Parsons and W. D. M. Paton. Department of 
Pharmacology, University of Ozford 

We have attempted to prepare pure pyruvylcholine in order to resolve 
doubts about the identity of a naturally occurring choline ester. The latter 
was isolated from the abdomen of the Garden Tiger Moth (Arctia caja, 
Linn.) and seems quite distinct from the choline ester reported ‘in the 
thorax of this insect by Bisset, Frazer, Rothschild & Schachter (1960). 
It may be acetylcholine itself, and indeed by repeated chromatography 
we have isolated an ester as a crystalline hexanitrodiphenylamine salt 
which is identical in m.p, and mixed m.p. with the corresponding deriva- 
tive of acetylcholine. 

None the less, slight differences i in activity on repeated assay and in Ry, 
on chromatography of the original extracts made us wish to exclude the 
possibility that some other ester might be converted into acetylcholine 
during extraction. 

Pyruvylcholine has a special place among choline esters in that it was 
the only one which Chang & Gaddum (1933) in their classical paper were 
not able to distinguish clearly from acetylcholine by parallel assay. They 
obtained the compound from H. W. Dudley. 

We have repeated in detail the published preparations by Le Heux 
(1921) and Dudley (1931), purifying the products by repeated chromato- 
graphy and isolating them as the hexanitrodiphenylamine and tetra- 
phenylboron salts. 

We have also repeated the published preparation of pyruvylcholine by 
Horenstein & Pahlicke (1938), but were unable to find any evidence for the 
existence of pyruvylcholine in the product. Rts. 
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From the preparations of Le Heux and Dudley, which are substantially 
identical, we isolated an ester fraction which in spite of thrice-repeated 
chromatography was still impure, as judged by unsharp melting points of 
the two derivatives. On repeated recrystallization the melting points of 
these compounds rose and sharpened. They finally became identical with 
those of corresponding derivatives of pure acetylcholine and were un- 
depressed when mixed with authentic samples of the latter compounds. 
On bio-assay (guinea-pig ileum) small samples also gave specific activities 
in excellent agreement with corresponding derivatives of acetylcholine. 

The persistently depressed m.p. of the chromatographically homo- 
geneous samples is strong evidence for the presence of at least two com- 
pounds with closely similar Ry. We have been repeatedly impressed by 
the unreliability of paper chromatography without supporting evidence 
as a method for identification of closely related choline esters. Although 
increase in chain length tends to raise the R,, the presence of polar groups 
tends to lower it. 

It appears that pyruvylcholine has never been obtained pure and free 
from acetylcholine, and should be regarded as a substance of unknown 
biological activity. Parallel assay as a criterion of identity among choline 
esters is now left without known exception. 
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Seasonal changes in the insulin stimulated efflux of galactose 


from the isolated perfused rat heart 


By R. B. and D. A. B. Youna.+ Department of 
University of Oxford 


Fisher & Lindsay (1956) showed that galactose transport into the rat 
heart is insulin-sensitive. The rate of transport is too great to obtain an 
accurate time course. It is, however, possible to follow the efflux from 
a heart previously loaded with the sugar, by collecting coronary effluent 
in short timed periods. With this technique an insulin effect is p aoaaity 
observed. 


* Present address: Department of Biochemistry, University of Edinburgh. . 
+ Present address: Rowett Research Institute, Bucksburn, Aberdeen. 
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The time course of the efflux differs from that of efflux from the cells 
owing to lag in turnover of sugar in the extracellular fluid and possibly 
owing to capillary wall hindrance. Experiments with inulin, raffinose and 
sucrose show that both of these effects occur. Semilogarithmic plots of 
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0-1 
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Fig. 1. The dose-response curves for insulin in summer and winter. The response 
of the tissue is measured as the rate of efflux of galactose, that is the fraction 
of the heart content emerging in the fourth minute. 7 


offtux oo a faster and a slower sceneiniak. the latter being dominant by 
the fourth minute. We have used as a measure of efflux rate the fractional 
- fall in heart galactose content during the fourth minute after transfer 
from perfusion with galactose-containing (1 g/100 ml.) to galactose-free 
Krebs bicarbonate medium. 

Dose-response curves with insulin showed a marked seasonal varia- 
tion (Fig. 1). High carbohydrate feeding had no effect on the winter | 
response. 

For insulin of 0-2 m-u. upwards, the dose-response 


_ curves were Michaelis-Menten in form. (At lower insulin concentrations — 


there is doubt about the correction to be made for depletion of sugar in 
the extracellular space: at higher concentrations this correction can be 
neglected.) 


| 
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The form of the curves suggests that insulin may act by direct combina- 
tion with the sugar carrier in the membrane to produce a more efficient 
carrier. The seasonal effect suggests that some unknown factor can inter- 
fere competitively with this combination. 


REFERENCE 
FIsner, R. B. & Linpsay, D. B. (1956). J. Physiol. 131, 526-541. 
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Variable and free mucopolysaccharides in the rat’s kidney 


By J. M. N. Boss, P. Breppy and G. F. Coopmr. Department of Physiology, 
University of Bristol 


During the course of investigations into the effect of water diuresis and 
anti-diuretic hormone on renal histology in the rat (Breddy, Cooper & 
Boss, unpublished observations), the distribution of mucopolysaccharides 
by means of the periodic acid-Schiff reaction was examined. 

Brush borders. We have confirmed the finding of Longley & Fisher 
(1954), that the brush border stains more deeply by the P.A.S. reaction in 
the second part of the convoluted tubule than in the first. We were unable 
to detect any effect of diuresis or hormone on the appearance of the brush 
border in either segment. 

Intercellular cement. P.A.S.-positive material is present between some 
_ cells of the collecting ducts, but may be absent or scanty in all or part of a 
cross-section of one of these tubules. Such material between cells of the 
collecting ducts appears linear in optical section, but if an intercellular 
boundary is in a plane to which the line of vision is approximately vertical, 
the P.A.8.-positive material between the cells is found to be granular. The 


- granules vary in size up to about 1 » in diameter, are densest near the 


basement membrane, and vary in number between tubules. These varia- 
tions are related neither to water diuresis nor to its inhibition by anti- 
diuretic hormone. 

Surface layer. A periodic-acid-Schiff (P.A.S.)-positive layer, less than 
0-5 p» thick, covers the luminal surface of the distal convoluted tubules. 
_ A similar layer is found in the collecting ducts, but is inconstant. 

Free mucopolysaccharide. The lumen of a collecting duct may contain 
P.A.S.-positive material. This varies in amount from small granules on the 
_ free surface of the cells, suggesting irregular swelling of the cuticle, to 
large masses free in the lumen. 

Plasma mucopolysaccharide. Some medullary capillaries contain P.A.S.-' 
positive plasma. 
These results indicate that P.A.S.-positive material, presumably acid 
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‘mucopolysaccharides, may pass into the collecting ducts and medullary 
capillaries of the kidney. 

REFERENCE 
Lonatey, J. B. & Frsuer, E. R. (1954). Anat. Rec. 120, 1-21. 


The removal of rat retinae for metabolic studies 


By R. St J. Buxton and D. R. Conzs. Departments of Physiology and 
Medicine, University of Bristol 


Metabolic studies can only be made on fresh tissues. Such experiments 
require the rapid removal of the tissue from the body into a suitable 
medium. The present method is a modification of Graymore’s (1958) 
technique and results in a whole retina without choroid being available in 
a very short time for use in a Warburg apparatus. 


REFERENCE 
Graymore, C. (1958). Brit. J. Ophthal. 42, 348-354. 


A cannulated crab muscle fibre 


By P. C. Catpwett and G. E. Watsrer. Department of University 
of Bristol, Laboratory of the Marine eset Association, Plymouth and 
Plymouth Technical College 


The leg muscles of the spider crab, Maia squinado, contain structures 
which appear to be fibres roughly 1-2 mm in diameter and up to 3 cm in 
length (Caldwell, 1958). It has now been found possible to cannulate 
individual fibres in a manner similar to that used for squid giant axons 
(Hodgkin & Huxley, 1945) and to carry out membrane potential measure- 
ments with an electrode inserted longitudinally and micro-injection experi- 
ments. After dissection of a single fibre from the muscle the fibre is cut 
away from the shell and cannulated at the cut end, the attachment to the 
apodeme being left intact. Deterioration of the fibre at the cut end tied to 
the cannula is prevented by the application of a mixture of liquid paraffin 
and petroleum jelly to the injured region. The effects of the micro-injection 
of a number of substances with the Hodgkin & Keynes (1956) micro- 
injector have been studied and Ca, Ba, Sr and caffeine have been found to 
. cause contraction, but not Mg. External application of caffeine, as in the 
case of frog sartorius muscle (Axelsson & Thesleff, 1958), causes a contrac- 
tion which does not appear to be mediated by a depolarization of the mem- 
_ brane. In recent experiments cannulated fibres have first been depolar- 
ized with solutions of high potassium content and after relaxation have 
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been reimmersed in crab saline containing 5 mm caffeine, when both con- 
traction of the fibre and repolarization of the fibre membrane took place 
simultaneously. 

REFERENCES 


Axetsson, J. & Tuesierr, 8. (1958). Acta physiol. scand. 44, 55-66. 
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Variations in oxygen availability (O,a), blood flow and cortical 
excitability in the human brain 


By R. Coopmr, H. J. Crow and W. G. Waurur. Burden Neurological 
Institute, Bristol 


_ Surgical implantation of up to sixty-eight fine gold electrodes in the 
brains of epileptic and psychoneurotic patients for investigation and treat- 
ment is now an established practice. The electrodes are bared for about 
4mm at the tip and are 150 w in diameter. They are arranged in ten 
sheaves inserted through a special introducer held in a stereotaxic ene. 
They can be left in place for several months. 
As well as providing for local recording, stimulating and polarization, 
the noble-metal electrodes can be used polarographically for indicating the 
local oxygen availability, as described by Meyer & Portnoy (1959) and 
others. | 
Observations of O,a have been made in many regions of the brain in 
several human subjects ina variety of conditions, and these have been 
related to local temperature and blood-flow changes, indicated by varia- 
tions in resistance of micro-thermistors (250 » diameter) inserted at the 
same time. For indicating blood flow the thermistors are heated to a 
fraction of a centigrade degree above blood temperature. 
Records show fluctuations of O, a with each heart beat and local ‘spon- 
taneous’ rhythmic variations at about 6/min. The latter are reduced 
during sensory stimulation, CO, inhalation and sleep, increased by O, 
inhalation. Closely adjacent cortical regions show independent variations. 
Electrical stimulation to identify functional location of electrodes pro- 
vides measures of cortical excitability characteristics in terms of stimulus 
amplitude, duration, frequency and train duration. With a constant- 
voltage stimulator the ‘rheobase’ is about 4 V and ‘chronaxie’ about 
80 u sec’at the optimal frequency of 70 pulses/sec. Subjective sensation, 
local after-discharge and local rise in O, a have been used as criteria of 
response. When a sustained after-discharge is evoked the O,a shows a 
_ protracted second rise during which staan rr is reduced and 
local blood flow increased. . 
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The relation between excitability, response, O, a and blood flow can be 
explained in terms of local control of cerebral vascular tone by variations 
in CO, production. 

REFERENCE 
Meyer, J. S. & Portnoy, H. P. (1959). Brain, 82, 162. 


The use of Barrier Grid storage tubes type 9511A for extraction 
of average evoked responses from the e.e.g. 


By R. Cooper and W. J. Warren. Burden Neurological Institute, Bristol 


Dawson (1951) has shown the value of averaging techniques in the study 
of cerebral responses evoked by various stimuli in human subjects, but his 
method is limited in resolution and flexibility. Buller & Styles (1959) have 
demonstrated the application of the Barrier Grid storage tube to the 
detection of small short-latency responses such as peripheral nerve action 
potentials in man. 


The present system was developed for general iaintiaiien to the analysis 


of specific and non-specific responses to visual and auditory stimuli in 
human subjects, including patients with suspected organic brain lesions. 
Since the after-effects of stimulation may last several seconds, the recording 
sample duration is adjustable from 100 msec to 2-0 sec. One or more 
stimuli can be delivered at any time during the recording period in syn- 
chrony with the time base. This permits comparison of the averages of 
events preceding the stimulus with those succeeding it. Six, twelve, 
twenty-four or forty-eight samples can be accumulated and stored at any 
desired interval for averaging. The stored information shows no deteriora- 
tion for several days. 

The very low scanning speed at longer sample hivetions demands 
extremely low effective beam currents. This is achieved by pulse modula- 
tion of the scanning electron beam. Pulses of 1 psec are generated and the 
effective beam current is controlled by altering the pulse repetition fre- 
quency from 500 c/s to 500 ke/s according to the required sample duration 
and number. 

The averaged outputs from the tubes are written out directly by an 
Offner type T Transistor Dynograph with the original records. Duplicate 


tubes permit simultaneous analysis from two regions or second-order — 


averaging. 
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The measurement of total gastric blood flow and its relationship 
to gastric acid secretion in the anaesthetized dog 


By J. D. Cummine, A. L. Hateu, E. H. L. Harries and Marsorie E. 
Nutt. Department of Physiology, University of Birmingham 


A method has been described for the simultaneous measurement of total 
gastric blood flow and secretion in the anaesthetized dog (Cumming, 
Haigh & Harries, 1960). 
_ This method necessitated the removal of the small intestine and a sessial 

colectomy. It was felt that if a method could be devised whereby the 
bowels were left intact a preparation more approaching the a a 
state would result. This has now been achieved. 

Dogs are anaesthetized with sodium pentobarbitone 1.v. After opening 
the abdomen the spleen is removed and the omentum is dissected free from 


the greater curvature of the stomach, care being taken to preserve the 


chain of short gastric vessels. Partial pancreatectomy is performed to 
enable the whole length of the splenic vein to be freed from connective 
tissue. A ligature is placed around the pylorus to occlude the right gastro- 
epiploic vein. The splenic vein is ligated at its junction with the superior 
mesenteric vein, and cannulae are inserted both proximally and distally 
into its length. It is thus possible to collect the entire gastric venous 
effluent. Post-operative dye injections confirm that the venous drainage 
is from the stomach only. Blood flow is measured by means of a bubble 
flowmeter, in a closed circuit, and the blood is returned ie a femoral 
vein. 
Under stable control conditions the mean rate of gastric blood flow for 
thirteen animals was 13-5 ml./100 g stomach (wet wt.)/min s.D. 4-0. 
Intravenous infusion of histamine acid phosphate (2-5—-10 ng/kg body wt./ 
min) had little immediate effect upon the rate of blood flow, but during 
the phase of acid secretion the rate of flow increased. 
An infusion of adrenaline (1-0—2-0 pg/kg/min), given together with hista- 
mine during the phase of histamine-induced acid secretion, resulted in an 
increase in rate of blood flow with little change in secretory rate. . 
When noradrenaline was used in place of adrenaline, in the same dosage, 
a decrease in blood flow occurred together win an inhibition of the acid 
secretion. 


REFERENCE 
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The essential role of SH and S-S groups in the anaphylactic 
reaction 


By K. A. P. Epman and J. L. Monaar. Department of oo 
University College London. 


_ The high activity of sulphydryl (SH) blocking agents in inhibiting the 
release of histamine by antigen from chopped sensitized guinea-pig lung has 
led us to investigate the role of SH groups and S—S bonds in the mechanism 
of the anaphylactic reaction. Both appear to be essential. A 0-1 mm solution 
of the specific SH blocking reagent N-ethylmaleimide reduced histamine 
release to 44% of the control value and a 1-0 mM solution to 7%. Sub- 
stances which reduce S—S bonds, such as cysteine, thioglycollate and glu- 
tathione, potentiated histamine release to an average of 117% at 10 mm 
but reduced it to 25 % at 50 mm. These findings suggest that an increase of 
tissue SH groups through disruption of S-S bonds produces potentiation, 
whilst an excessive disruption of S-S bonds produces inhibition. The in- 
hibitory effects of S-S reducing compounds were completely reversed by 
washing in Tyrode solution. Control experiments showed that the inhibi- 
tion of histamine release was not due to increased tonicity or ionic 
strength. 

Previous work (Mongar & Schild, 1957) indicated that the caliihes ana- 
phylactic reaction involves an. enzyme system which is inactivated by 
incubation at 43—-45° C but activated at 41-42° C. It has now been found 
that typical protein denaturing agents such as urea and alcohol also have 
a dual action on the anaphylactic mechanism. If sensitized lung is pre- 
incubated with these agents histamine release by antigen is potentiated at 
a certain concentration but at higher concentrations it is inhibited. 
This dual effect may also be due to freeing of SH groups (known to 
occur in protein denaturation) followed by disruption of the protein 
structure. 

Oxygen lack inhibits histamine release in anaphylaxis (Parrot, 1942). 
In order to obtain the inhibition it is necessary to reduce oxygen to a low 
level. Pure nitrogen (O, content less than 0-05°%) reduced histamine 
release to 8% of the control value but a mixture of nitrogen with 0-5 %, 
oxygen reduced it to only 50%. The effects of cysteine and oxygen lack are 
additive. When threshold inhibitory concentrations of cysteine and oxygen 
were administered together they produced a strong inhibition, suggesting 
that oxygen lack may also act by way of a reduction of S—-S bonds. 
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The distribution of sodium in the guinea-pig’s skin 


By R. St J. Buxron* and E. M. Sepewick. Department of Phoilology, 
University of Bristol 


Feldberg & Miles (1953) showed that the skin histamine concentration 
in the guinea-pig differed in various parts of the body. Miles (Feldberg 
& Miles, 1953) also found that the skin histamine level was raised after 
protein sensitization. In vitro experiments with the guinea-pig uterus 
suggested that the tissue sensitivity to histamine was related under certain 
conditions to the sodium concentration of its environment (McDowall & 
Soliman, 1953). The following studies were designed to see whether there 
was any change in skin sodium content under conditions expected to alter 
the skin histamine level. The hair was closely clipped and whole-thickness 
samples of skin from the abdomen, buttock, forelimb and cheek were 
found to have sodium concentrations which were highest in the abdomen 
and lowest in the forelimb with a mean difference of 3-2 m-equiv/kg of 
fresh tissue. The potassium level was highest in the cheek, followed by 
abdomen, forelimb and buttock. The chloride values were not significantly 
different in the four areas. The differences in sodium content could not be 
accounted for by the retention of blood in the skin, which was measured in 
the form of reduced alkaline haematin. The pattern of the sodium content 
at the four sites examined was not altered by electrolyte depletion with 
intraperitoneal glucose in 5% solution, nor by sodium loading with satu- 
rated sodium chloride given intraperitoneally. 

Sensitization with horse serum lowered the sodium content in the skin 
without changing the pattern, and it was also found that the histamine 
liberator 48/80 and the antihistamine promethazine reduced the level of 3 
sodium and potassium in the skin. The skin water content was reduced 
after sensitization, 48/80 and promethazine. In spite of the lowering of 
sodium and potassium levels the chloride content of the skin was raised by 
48/80 and promethazine. 

‘The effect of histamine injection, 100 yg subcutaneously, was to decrease 
the sodium and water levels in the skin. The relationship of skin histamine 
and sodium concentration after 48/80 was found to be inverse and signi- 
ficant at the 5% level. 
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The portal venous concentrations of adrenaline and noradrenaline 
in patients with portal hypertension 


By F. Bapriox, D. Patmer, J. H. Peacock and C. SHatpon. Department 
of Surgery, University of Bristol 


The amounts of adrenaline (A) and noradrenaline (NA) in human portal- 
vein plasma have been estimated in two groups of surgical patients. 
Group 1 consisted of eighteen patients with cirrhosis of the liver under- 
going portocaval anastomosis for the relief of portal venous hypertension. 
Group 2 consisted of nine control patients, with normal portal circulations 
and livers, undergoing either cholecystectomy for gall stones (eight cases) 
or vagotomy for duodenal ulceration (one case). 

Blood samples were taken at standardized times during the operations. 
The A and NA were separated by ascending paper chromatography using 
a water saturated phenol solvent. The eluates, whose R, values corre- 
sponded to those of A or NA were assayed on the rat uterus and the pithed 
rat blood pressure preparations. 

The mean A content in the portal plasma of the nine control patients 
was 0-24 »g/100 ml. (range 0-01—0-53) and the mean NA content was 
0:15 wg/100 ml. (range 0-0-6). In 72% of the patients with portal hyper- 
tension, however, from five to forty times as much A and NA were found 
to be present in the portal plasma. 

In order to localize the anatomical site of origin of the increased A and 
NA found in the portal plasma, further estimations of these hormones were 
performed in another group of patients with portal hypertension. Samples 
_ of blood were obtained from the portal vein, a jejunal vein, the inferior 
vena cava cephalad to the renal veins, the abdominal aorta and from 
_ superficial arm veins. The regional vascular concentrations of A and NA 
showed that the increased amounts of these substances were only to be 
found in the portal venous plasma. 

From these investigations it is suggested that the increased amounts of 
A and NA found in the portal plasma of the majority of patients with 


portal hypertension are being liberated from the ec esagams sympa- 


thetic nerve endings in the splanchnic vascular bed. 


Artificially induced ovulation in the rabbit 


By A. Cagiye and T. D. Wiiiiams. Department of Physiology, University 
of Bristol 


Hammond (1925) stated that the unmated rabbit is always in a condi- 
tion of oestrus, providing nutritional conditions are favourable. Ovulation, 
naturally induced by the act of mating, has been artificially induced by 
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mechanical stimulation of the anterior vagina (Bishop, 1933; Sawyer, 
1949) or by electrical means (Marshall & Verney, 1936). 

The present experiments began as a check on the effectiveness of such © 
stimulation. Unanaesthetized mature virgin animals, which had been 
maintained in individual cages and isolated from the buck, were stimulated 
for 60 sec with 10 V/10 msec square-wave pulses at 8/sec, by means of 
bipolar electrodes inserted at least 15 cm into the vaginal canal. An 
inspection of the ovary was made at laparotomy 24 hr later. 

Of an initial series of sixteen animals only one ovulated, although appa- 
rently well developed follicles were present. Of a further six animals pre- 
treated with stilboestrol or pregnant mare serum, and showing marked 
oestrogenic stimulation, only one ovulated. Yet three apparently similar 
animals, under identical management, accepted the male and became 
pregnant. 

These results suggested the need for a reliable index of oestrus status. 
Cyclical changes in the vaginal smear pattern have been described by 
Hamilton (1951) and correlated with different levels of circulating oestro- 
gen; changes in the appearance of the vaginal orifice were considered of 
limited reliability as a guide to oestrus status (Kunde & Proud, 1929; 
Friedman, 1938). We have been quite unable to recognize, in the mated or 
unmated animal, smear patterns similar to those described by Hamilton. We 
have found, in the unmated animal, well marked changes in the appearance 
of the vaginal orifice as displayed by light digital traction. The orifice may 
appear small, pale, crenated and tight ‘—ve’), or it may be large, deep red — 
to bluish, smooth and relaxed ‘+ ve’). All intermediate states were observed 

and the appearance might change irregularly and within a few hours. 

_ Using animals showing the two extreme vaginal states we obtained a 
consistent pattern of responses to electrical stimulation, ovulation being 
induced in none of the seven animals with a ‘ — ve’ vagina and in all of six 
animals with a ‘+ve’ vagina. We failed to induce it, however, in any of 
six animals with a ‘+ve’ vagina which were stimulated while under 
light pentobarbitone anaesthesia. Simple mechanical stimulation in the 
unanaesthetized animal with ‘ + ve’ vagina only resulted in one ovulation 
out of six. 

These results suggest the existence of significant variations in the 
responsiveness to artificial ovulation-inducing stimuli, while the influence 
of anaesthesia may be of significance in evaluations of the role of central 
nervous factors in the ovulation mechanism. 


REFERENCES 


Bisuop, P. M. F. (1933). Guy’s Hosp. Rep. 83, 308. 
Frrepman, M. H. (1938). Endocrinology, 22, 354. 


RAN? 
xe 


PROCEEDINGS OF THE PHYSIOLOGICAL 


Hamitton, ©, E. (1951). Anat. Rec. 110, 557. 

Hammonp, J. (1925). Reproduction in the Rabbit. London. 
Kunpg, M. M. & Provun, T. (1929). Amer. J. Physiol. 88, 446. 
Marsnatt, F. H. A. & Verney, E. B. (1936). J. Physiol. 86, 327. 
Sawyer, C. H. (1949). Anat. Rec. 103, 502. 


The influence of light on the occurrence of ovulation in the rat 


By A. Cartyie and Suerma B. Carrer. Department of Physiology, Uni- 
versity of Bristol 

There is evidence that in the rat ovulation, although spontaneous, is 
influenced by environmental factors. The present experiments were carried 
out to confirm and extend the findings of Everett (1948) that in rats under 
artificial lighting conditions ovulation occurred most commonly between 
34 and 5 hr before the onset of light. 

Virgin rats were exposed to alternating periods of 14 hr of light and 
10 hr of darkness. Later, darkness was replaced by a dim green light, 
which was equally effective. The onset of light, whatever its time, is 
referred to here as dawn, and the 24 hr period following it is considered as 


a day. Vaginal smears were taken daily and only those rats which had — 


shown four or more regular 4-day oestrous cycles were used. The animals 
were examined for ovulation around the dawn following pro-oestrus, pro- 
vided that they showed an oestrous smear. Ovulation was determined by 
direct inspection of one excised oviduct. 

The proportion of rats found at various times to have ovulated were: 
7 out of 38 between 2 and 3} hr before dawn, 21 out of 41 between 2 hr 
before dawn and 3 hr after dawn and 38 out of 40 between } and 24 hr 
after dawn. 

The time of dawn was then retarded by 8 ‘a: Twenty days afterwards, 
the same time relationship between dawn and ovulation was found. None 
of 10 rats had ovulated 2-34 hr before dawn while 9 out of 10 had ova in 
_ the oviduct 14-2 hr after dawn. 

To test whether an immediately preceding alternation of light and dark 
was necessary for ovulation, or whether a rhythm, once established, could 


to a diurnal light variation were put under constant light for periods of up 
to 4 days before an expected day of oestrus. They were then examined at 
a time when the majority might be expected to have ovulated had the 
alternations of light and darkness been maintained. The proportions of 
rats which had ovulated at this time, after 1, 2, 3, and 4 days of constant 
light, were, respectively 14 out of 14, 11 out of 14, 9 out of 13 and 1 out 


re-examined 12 hr later. All but one of them had still shed no ova. 


be maintained without this stimulus, rats which had become accustomed. 


of 14. Of the 13 rats in the last group which had not ovulated 10 were - 
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On the other hand constant dim green illumination for 4 days did 
not prevent ovulation ocourring by the normal time in 10 out of 
11 rats. 
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Recordings of electrical activity in the hypothalamus of the . 
rabbit, synchronous with stimulation of the uterine cervix. 


By Suuma B. Carter and T. D. Department of 
University of Bristol 


Some properties of ankle extensors in the sheep 


By K. and J. F, Mrrowett, Agricultural Research Council 
Institute of Animal Physiology, Babraham, Cambridge 


Isometric twitch and tetanic responses of the various muscles have been 
recorded with a torsion-bar myograph. When these contractions are com- 
pared with those observed in studies of corresponding muscles of the cat, 
certain striking differences are immediately apparent. _ 

For instance, judging by the time to the crest of the twitch, even the 
fastest muscles are much slower (35-45 msec) than the fastest cat muscles - 
at a similar temperature (20-30 msec, Buller, Eccles & Eccles, 19606). The 
characteristic slow muscles are plantaris and flexor hallucis longus, both 
of which are typical fast muscles in cats (Buller et al. 1960a, b). Both 
muscles have very long tendons (cf. Denny-Brown, 1929), inserted in the 
2nd and 3rd phalanges, respectively. They clearly play an essential role in 
maintaining the upright posture (‘on tip-toes’) in the sheep and their 
slowness may be considered a useful adaptation. It is perhaps significant 
that the twitches of these muscles are somewhat complex, with a compara- 
tively fast initial phase (crest-time of 70 msec) followed by a plateau or 

secondary hump, with a very slow rate of decay (half-decay time of 100- 
200 msec, compared with 40-50 msec for the fast medial and lateral gastro- 
enemius, flexor digitorum longus and tibialis posterior, and about 70 msec 
for slow cat muscle.) | 

Soleus in the sheep is an insignificant bundle inserted into the lateral 
gastrocnemius. Its total weight is less than 1 g and it develops a maximal — 
tetanic tension of only about 100g. Yet soleus, whose functional import- 
ance in bearing the weight of a 20 kg sheep must be negligible, has all the - 
properties of a typical slow muscle; in fact, it is much slower in its crest- 
time -(120 msec) than either plantaris or flexor hallucis longus. 

The distribution of fast and slow muscles among the sheep ankle 
extensors thus suggests that some muscles have become slow as an adapta- 
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tion to prolonged weight-bearing, whilst others may be slow quite inde- 
pendently of this function. possibly because of their nervous connexions 


(cf. Buller et al. 19608). 
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A search for pharmacologically active substances in fluid from 
the cerebral ventricles. 
By S. M. Hizton and R. J. Scuarn*. Institute for Medical 
Research, Mill Hill, London, N.W. 7 

The appearance of pharmacologically active substances i in cerebrospinal 
fluid or in perfusates from the cerebral ventricles has a bearing on several 


physiological problems, such as the nature of both central synaptic trans- 


mitters and substances responsible for functional vasodilatation in brain, 
and the possible release of hormones of the hypothalamo-hypophysial 
system into the third ventricle. Various authors have described the pres- 
ence in these fluids of acetylcholine, catecholamines, 5-hydroxytrypt- 
amine (5-HT), histamine, oxytocin, anti-diuretic hormone (AHD) and a 
kinin-forming enzyme, in physiological and tet can conditions (see 
Schain, 1960). 

We perfused the ventricular system of cats anaesthetized with choralose 
or pentobarbitone, and examined the effluent from aqueduct or cisterna, 
before and after stimulation of the brain. The method of perfusion was 
that described by Bhattacharya & Feldberg (1957). Strong electrical 
stimuli were delivered through electrodes implanted in the hypothalamus 
or mid-brain, or with external electrodes at occiput and maxilla. Stimula- 
tion produced diffuse autonomic and somatic motor effects. On cessation 
of stimulation, myoclonic seizures usually occurred. 

Acetylcholine appeared in the effluent when the perfusion fluid contained 
eserine, but there was no increase after activation of the brain. Neither 
5-HT nor catecholamines appeared in the effluent, even after intravenous 
injection of the mono-amine oxidase inhibitor phenylisopropylhydrazine 
(JB-516, 5 mg/kg), or of reserpine (2 mg/kg). If in addition to JB-516, 
_ DOPA (30 mg/kg) was injected in an attempt to raise the noradrenaline 
content of the brain, just detectable amounts of noradrenaline appeared. 
Activation of the brain caused no 5-HT or adrenaline to appear in the 
effluent, neither did noradrenaline increase. Histamine, oxytocin, sub- 
stance P and ADH were not found, either before or after stimulation; 

* Fellow of the National Institute of Neurological Diseases and Blindness, _ 
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neither was the kinin-forming enzyme which according to Chapman, 
Ramos, Corrado, Fortes & Symmes (1960) appears after stimulation. These 
results are summarized in Table 1. 


Taste 1. Assay of effluent from cerebral ventricles, perfused at a rate of 0-1 ml./min, on 
various preparations. When no effect was obtained the result is given as < the smallest 
amount per ml, effluent that could be detected 


No. of Rat uterus Rat blood Guinea- Rat urine 
Substances expts. Leech muscle (oestrus) Rat colon pressure ileum Ww 
Acetylcholine 5 45-20 ng/ml.* 
Adrenaline 10 < 5 ng/ml. 
Noradrenaline 6 <20ng/ml. 15 ng/ml.t 
5-Hydroxy- 10 — < 5 ng/ml. 
tryptamine 
Histamine 2 < 5 ng/ml 
0 10 < 1 m-u./ml, 
Substance P 2 < 5u./ml, 
enzyme 


* With eserine in perfusion fluid. 
t After intravenous JB-516 and DOPA. 
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Effect of perfusion time on the rat heart Langendorff preparation 


By J. A. Barouay, E. J. and K. Wuirs. Physiology Department, 
University of Birmingham 

Rat hearts perfused with oxygenated Ringer—Locke solution by Langen- 
dorff’s method at 80-85 cm solution pressure, 26-28°C and having 
pH 7-2~-7-4 show progressive changes of ionic concentrations in both 
auricles and ventricles as the duration of perfusion increases. The extent 
of these changes is greater in auricles than ventricles, the right auricle 
being most affected and the left ventricle least. 

When the total preparation time (from killing the rat by concussion to 
full perfusion) was kept between 100 and 120 sec, there was an immediate — 
fall of 30 % in tissue sodium in the right auricle in first 2 min of perfusion 
which continued to 50% of unperfused (freshly killed) heart values by 
15 min. Subsequently sodium increased gradually to 80% above 
unperfused, in 1 hr, and in the next hour decreased toward unperfused 
values. The tissue potassium showed no similar behaviour but after an 
initial decrease of 20% in 5 min slowly drifted irregularly downward a 
further 10% by 2hr. The water uptake was immediate but small. This 
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reached 10% above unperfused in 5 min and thereafter remained about 
6 %, above unperfused values. 

From the gradual movements of potassium and water the movement of 
sodium cannot be ascribed to diffusion of isotonic saline. Nor, in the 
earlier stages of perfusion, can sodium and potassium be considered to 
move in equal and opposite directions between tissues and perfusion fluid. 
The values indicate that any reciprocal movement may be characteristic 
of only the later stages of perfusion, a condition that may be established 
by 2hr and which is maintained thereafter until the heart stops 
beating. 

A general characteristic of the preparation under the conditions of these 
experiments was that initial perfusion rate was high and was maintained 
well for the first hour, thereafter the perfusion rate decreased (by 50 % at 
2 hr). The heart rate tended to decrease by 20-40 % at 45 min but changed 
less rapidly as the preparation aged. In spite of this deterioration in 
. activity the sodium, potassium and water values at 45 min were similar to 
those at 2 hr. Thus it is improbable that perfusion rate was the controlling 
factor. It is reasonable to consider that anoxia was greatest during the 
time of mounting and after 1 hr when perfusion rates decline. Since 
sodium reached a minimum at 15 min and a maximum at 45-60 min 
anoxia cannot be the controlling factor. The initial changes in tissue ionic 
and water contents appeared to be the consequence of perfusion and the 
pattern of behaviour in the movement of ions represented the attempt by 
the tissue to adjust to this perfusate. 


The effect of hypoxia on guinea-pig bone marrow 
By D. J. Morrartt, C. Ross, I. H. and J. M. Yorrry. 
Department of Anatomy, University of Bristol. cee 
Very few quantitative investigations of bone marrow cells have been 
carried: out in erythroid hyperplasia and hypoplasia. 
In the present work, guinea-pigs have been submitted for 5 days to 


hypoxia (termed ‘primary hypoxia’) in a decompression chamber, taken 


out for 5 days (‘rebound’) and then resubmitted to hypoxia for a further 
5 days (termed ‘secondary hypoxia’). At the end of each day of the 
experiment five animals were killed and their bone marrow studied by 
the quantitative technique of Yoffey (1956). In all, thirty-three control 
animals and seventy-five experimental animals were used. 

_ The decompression chamber has already been described (Gall, togers 
& Yoffey 1954). The animals were kept at a simulated altitude of 
14,000 ft. (4.27 km) and the room temperature was maintained at 
between 65 and 70° F (18-3-21-1° C). The mean pO, was 95 mm Hg. 
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The total nucleated cell count rose to a peak after 2 days of primary 
hypoxia and then fell to control level again; in rebound, after an initial 
rise, it fell steadily until it was well below control level. In secondary 
hypoxia it reached a high level after 2 days, fell slightly and was rising 
again at the end of the experimental period. 

Nucleated erythroid cells rose in primary hypoxia until they were about 
50 % above control level, fell in rebound to about 40% of control level and 
rose in secondary hypoxia to about 50° above control level. 

Marrow lymphocytes fell throughout primary hypoxia to about 50% of 
control level, rose again in rebound to control level and rose in the first 
2 days of secondary hypoxia to about double the control level. They then 
fell slightly and were rising again by the end of the experiment, by which 
time they were again nearly 100% above the control level. 

The blood picture during the experiment was of polycythaemia by the 
end of the phase of primary hypoxia, reduced red-cell count, but still above 
control, by the end of rebound and eo again by the end of 
secondary hypoxia. 

Granulocytes in the blood and bone marrow showed no ohaniges during 
the experimental period. 

Blood reticulocytes rose apectaculachy i in primary hypoxia, fell in re- 
bound and rose again in secondary hypoxia. However, marrow reticulo- 
cytes did not rise much above control level in ee or secondary 
hypoxia though they fell in rebound. 

Attempts have been made to correlate the hice in the blood with the 
changes in the bone marrow in each of the three phases of the experiment. 
Calculations of stem cell requirements in control and experimental animals 
have been made. 

It is concluded that the lymphocyte has an important role i in erythroid 
hyperplasia. 

REFERENCES 


Gatun, W. J., Rocers, A. F. & Yorrey, J. M. (1954). J. Physiol. 124, 54P. 
Yorrry, J. M. (1956). J. Histochem. Cytochem. 4,516-530. 


Developmental changes in human foetal blood 


By D. B. THomas and J. M. Yorrry. Department of Anatomy, U niversity 

of Bristol | 
During the first half of gestation the haemoglobin concentration of foetal 

blood increases rapidly, rising from 4 g/100 ml. at.10 weeks to 14 g/100 ml. 


at 22 weeks. The increase in haemoglobin concentration is paralleled 
approximately by an increase in the erythrocyte content of foetal blood. 
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Between the 12th and 25th weeks of gestation, the production of erythro- 
cytes probably increases about 34 times. The count per cubic millimetre 
of blood doubles, while the body weight—and pari passu presumably the 
blood volume—increases seventeenfold. It is clear from these data that in 
the foetus erythropoiesis must be exceedingly active and stem-cell require- 
ments correspondingly much greater than in the adult organism. The mean 
corpuscular volume and mean corpuscular haemoglobin fall as develop- 
ment proceeds but are still above the normal adult range at the end of 
gestation. As the mean corpuscular volume falls more rapidly than the 
mean corpuscular haemoglobin, the mean corpuscular haemoglobin con- 
centration rises during foetal life. These changes in the erythrocytes may 
be related either to changes in the morphological site of haemopoiesis, or to 
the availability of haemopoietic raw materials or adjuvants, or to a com- 
bination of changes in both. Although the mean corpuscular volume of the 
foetal erythrocytes is initially two or three times as great as that of adult 
erythrocytes, the erythrocyte content of the blood is so low that the packed- 
cell volume is only one-third the adult value. The low packed-cell volume 
and the inability of foetal blood to coagulate effectively, which we have 
consistently observed, may be important factors in the maintenance of the 
extra-embryonic, placental circulation. 

During the hepatic phase of foetal haemopoiesis the blood contains very 
few leucocytes. The sparsity of these cells accords well with the recent 
observation of Thomas, Russell & Yoffey (1960), that haemopoiesis in the 
liver is predominantly, if not exclusively, erythropoietic. As development 
proceeds, and the bone marrow and lymphoid tissues increase in mass, the 
granulocytes and lymphocytes of the blood increase in number. But, 
whereas the major increase in granulocyte content, like that in y-globulin 
concentration, occurs in the last few weeks of gestation, the lymphocytes 
increase in number until the 20th week, when they attain a plateau value, 
which they subsequently maintain. The late maturation of the immune 
response together with the late increase in the granulocyte content of 


foetal blood and the late acquisition of y-globulin in appreciable quantities — 


contrast with the early attainment of the lymphocyte plateau value and it 
may be that in the foetus the lymphocytes are serving a non-immunological 
function (Yoffey & Thomas, 1961). 


REFERENCES 


Tuomas, D. B., Russewy, P. M. & Yorrry, J. M. (1960). Nature, Lond., 187, 876-877. 
M. & Tuomas, D. B. et al. Ciba Found. Study G Activit 
of the Leucocyte. London: Churchill. (In the Press.) ui ‘ 


& 
4 
B 
ws 
a 
80 
OT 
4 me 
Na 
ex 
‘ 
5 
i 19 
Be 
: rat 
Wwe 
‘ 
4 ‘ 
res 
res 
(2 
ag ma 
the 


_ SOCIETY, 14-15 APRIL 1961 BP 
Riboflavine and the haemoglobin oxidation stability of rats 
By W. K. Mercatr. Department of Anatomy, University of Bristol 


The stability of intracellular haemoglobin to oxidizing agents such as 
sodium nitrite can readily be determined in vitro by adding weak isotonic 
solutions of such agents to washed red cells suspended in saline. The red 
opalescent suspension becomes brown as the haemoglobin is converted to 
methaemoglobin. It has recently been shown that the increased sensitivity 
of newly born infants (Betke, 1952; Kunzer, Ambs & Schneider, 1953) 
extends throughout childhood (Keohane & Metcalf, 1960; Metcalf & 
Keohane, 1960), and also occurs during pregnancy and in patients with 
malignant disease and some other conditions (Metealf, 19604, b, c; Metcalf, 
1961 a, b). 

A similar decreased stability occurs in the young rat (Metcalf, 1960d), in 
which it seems to be directly related to the growth rate, in the pregnant 
rat and following the successful transplant of the Walker Carcinoma. It 
was considered that this phenomenon might be due to a relative dietary 
deficiency as a result of the increased metabolic demands during growth, 
pregnancy or by the carcinoma. Starvation for 42 hr produced a similar 
marked decrease in the haemoglobin stability which could rapidly be 
restored to normal by feeding either a full normal diet or a food containing 
appreciable quantities of vitamins of the B group. When injected sub- 
cutaneously, the only component of this group of vitamins capable of 
restoring the haemoglobin stability of such starving rats was riboflavine 
(2 mg). Similar doses of riboflavine subcutaneously were also capable of 
increasing the haemoglobin stability of young and pregnant rats. 

As a result of this work, it is suggested that riboflavine or its derivatives 
may play some part in the prevention of methaemoglobin formation in 
vivo, and that a.relative riboflavine deficiency may be the explanation of 
the increased sensitivity to oxidizing agrose of the <n of young, 
cancerous or pregnant rats. 
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Identification of a barrier layer in the skin 


By F. N. and R. T. Chemical Defence Experimental 
Establishment, Porton Down, Wilts 


Many compounds, especially insecticides, are toxic by the percutaneous 
route, but little is known of the factors involved in skin penetration. 
Tri-n-propyl phosphate (TNPP) has been used as a type substance for 
studying rates of penetration through excised human skin, using **P- 
labelled material and a diffusion chamber technique. By tests on full- 
thickness skin, epidermis, dermis and stripped skin (skin from which the 
keratin had been removed), and also on sheets of stratum corneum con- 
junctum (s.c.c.) obtained from volunteers, the site in the skin of a major 
rate-controlling barrier has been defined. 

Epidermis and dermis were separated by heat (Baumberger, Suntzeff & 
Cowdry, 1942). Skin was stripped by successive application and removal 
of cellulose-backed latex tape (Sellotape), which first removed outer loose 
keratin (stratum corneum disjunctum) and then compact keratinous 
s.c.c. Sheets of s.c.c. were floated off the tape for penetration studies by 
petroleum ether (Szakall, 1955). 


Disks of tissue, 1 cm diameter, were introduced into diffusion cells at 


38° C. Two mg of TNPP was applied to a 0-2 cm? area in the centre of the 
disk. As the TNPP penetrated the tissue, it was swept away by isotonic 
saline bathing its under surface. The penetration of TNPP for up to 20 hr 
was estimated from the radioactivity of the effluent. 

Transfer of TNPP as a function of time was qualitatively similar for full- 
thickness skin, stripped skin and dermis, with an initial delay before a 
- maximum steady penetration rate was established, as Treherne (1956) 
reported for full-thickness rabbit skin. The high storage capacity of dermal 
tissue, however, masked an effect observed with isolated s.c.c. and with 
epidermis. Here, an initial delay was followed first by a rise, and then a 
fall to a steady rate; this fall may have been due to a reaction between 
tissue and agent which resulted in reduced tissue permeability. The delay 
period for all skin components was related to tissue thickness; the maxi- 
mum rate through s.c.c. was reached within minutes, compared with 
3 or 4 hr for full-thickness skin which was about 200 times as thick. 

Steady rates of penetration of TNPP through full-thickness skin ranged 


from 0-4 »g/cm?/min for adult chest skin to 4-4 ug/em?/min for the mid- 


line skin of a child. These results are higher than those reported by 
Tregear (1960) for the penetration of tri-n-butyl phosphate through 
excised pig skin (0-12 ug/cm?/min). 

TNPP penetrated isolated s.c.c. at approximately the same rate as 
: * Present address: Army Chemical Centre, Maryland, U.S.A. 
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isolated epidermis, suggesting that this two- or three-cell thick (6—10 ,) 
_ continuous sheet of compact keratin provides a major barrier in skin 
against penetration by this organic liquid. 

Removal of keratin by stripping increased the average amount of 
TNPP which passed in 2} hr through full-thickness skin only 2-7 times 
(95 % limits 1-2-6-1) and isolated epidermis twofold (95% limits 1-4—2-7). 
This suggests that there is an additional epidermal barrier below the s8.c.c. 
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Some possible antagonists to components of the menstrual 
stimulant. 


By H. J. and V. R. of Physiology, 
University of Sheffield 


Evidence that gastrin is not a general histamine-releasing agent 


By E. L. Buarr, Branma Dutt, A. A. Harper and H. J. Lax. Depart- 
ment of Physiology, Medical School, King’s College, Newcastle upon Tyne, | 

Gastrin extracts, the acid-stimulating effects of which do not depend on 
the small amount of histamine they contain, can be prepared from the 
antral mucosa of man, pig, dog and cat (Blair, Harper, Lake, Reed & 
Scratcherd, 1961). 

Endogenous histamine release anywhere in the body will, however, 
stimulate gastric secretion, and with the histamine liberator Compound 
48/80 most of the released histamine appears to come from tissues other 
than gastric mucosa (Paton & Schachter, 1951; Smith, 1953). It remains 
possible that the action of these gastrin extracts might depend upon such a — 
non-specific histamine liberation (Smith, 1954). To investigate this possi- 
bility, plasma histamine levels have been followed during acid gastric 
secretion in response to intravenous gastrin or histamine. Histamine was 
estimated by the method of Adam, Hardwick & Spencer (1957). 

The experiments were performed on cats anaesthetized with chloralose 
and with their vagus and splanchnic nerves cut. The stomach was in- 
tubated via the oesophagus in the neck and the pylorus was occluded. 
Hydrochloric acid (0-005 N) was run into the stomach and replaced at 
intervals. Hydrogen-ion secretion was determined by titration with 
phenolphthalein as indicator. The cats were given heparin (700 u. [kg, 
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intravenously) at the start of the experiment and blood was collected 
through a polythene tube introduced into the aorta via the carotid artery. 
Histamine and gastrin were given by slow intravenous injection in saline 
at the rate of 20 ml. over 45 min. The dose of gastrin was adjusted to 
produce an acid secretion comparable to that produced by the dose of 
histamine, which was usually about 1-6 »g/kg/min. 

Histamine injected in these doses produced moderate gastric acid 
secretory responses, and was always associated with well marked increases 
in the histamine content of arterial plasma. Injections of gastrin in the 
same experimental animals were without significant effect upon the arterial 
plasma histamine levels. It is concluded therefore that the gastrin prepara- 
tions used in these experiments do not depend for their effect upon a 
generalized histamine release. It remains possible that gastrin acts as a 
histamine-releasing agent locally at the gastric mucosa and this is at 
present under investigation. 

Our thanks are due to Dr H. M. Adam for his help in enabling us to acquire the technique 
of histamine estimation. 
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Heteronymous motoneurone activation during potentiation by 
high-frequency trains of impulses 


By F. B. Beswick and R. T. W. L. Conroy, Department of Physiology, 
University of Manchester 


Job (1953) and Beswick & Evanson (1954) showed that heteronymous 
motoneurones of synergistic muscles were activated on stimulating large 
afferent muscle nerve fibres during post-tetanic potentiation. This effect 
was demonstrated after 30 sec tetanization of the Group Ia fibres at 
frequencies about 600 c/s. 

An investigation of the activation of heteronymous motoneurones has 
been made using trains of high frequency stimuli of 1 sec duration, 
repeated every 5 sec. These were applied to one ankle extensor muscle 
nerve in the hind limb of the decerebrate cat. Single testing shocks were 
applied to the same nerve almost 4 sec after the end of each train. Records 
of the discharges of heteronymous motoneurones were taken from the nerve 
of a synergistic muscle. Such records have been made using the nerves to 
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~ the medial and lateral heads of gastrocnemius, plantaris and the deep 
posterior muscles of the leg, in various combinations of pairs. 

On testing, repetition of the trains of volleys caused the appearance of 
monosynaptic reflex action potentials in the unstimulated nerve. The 
responses gradually increased to reach maximum size between 10 and 
20 min after the commencement of conditioning. The optimum frequency 
for the trains was found in these experiments to lie between 800 and 
900 c/s. 

The maximum response could be maintained by repeated trains of 
volleys for as long as 2hr. If, however, conditioning by a continuous 
i min tetanus delivering the same number of stimuli in the minute was 
substituted, subsequent testing resulted in submaximal reflex discharges. 
If the frequency of the continuous tetanus were increased from 200 to 
800 c/s (approx.), the subsequent testing response remained submaximal. 

It seems, therefore, that continuous tetanic stimulation may evoke less 
potentiation than repeated trains of stimuli. 
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Grouping of action potentials in voluntary muscle 
By A. Taytor. Department of Physiology, King’s College, London, W.C. 2 


Action potentials of electromyograms recorded from steadily contracting 
voluntary muscle often appear to be grouped at intervals of about 0-1 sec. 
This grouping has been shown by Lippold, Redfearn & Vuco (1957) to 
underlie the prominent 10 c/s component of physiological tremor, which. 
these authors attributed to oscillation in stretch reflex ares. 

Observations of the electromyogram of the diaphragm in conscious 
human subjects and in anaesthetized or decerebrate rabbits and cats has 
shown a similar appearance of grouping in all cases. Howeyer, grouping 
persisted in the animals’ diaphragms after their deafferentation by cutting 
all the cervical posterior nerve roots and the cord immediately below the 
phrenic outflow after vagotomy. Grouping of action potentials was also 
present in phrenic nerve slips of curarized decerebrate cats. The grouping 
could not then have been due to stretch reflex oscillation. _ 

Records from an electronic model showed that a number of independent 
units firing regularly, or with some random scatter, could produce a similar 
appearance of grouping. 

It is suggested that this type of chance grouping could contribute to 
mechanical tremor. It could only be distinguished from a true tendency to 
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synchronization of motor unit activity by detailed statistical analysis of 
the records. 
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Acclimatization of the sweating mechanism in man 


By R. H. Fox, R. Gotpsmrra, D. J. Kipp and H. E. Luwis. Division of 
Human Physiology, National Institute for Medical Research, London, N.W.3 


The development: of acclimatization to heat in man, as judged by an 
increase in the rate of sweat loss on exposure to a standard heat stress, is 
probably related both to the intensity and to the duration of the imposed 
heat stress. In the present investigation the relative effectiveness of three 
levels of each of these two parameters have been studied. Eighteen fit 
young men were randomly assigned to nine treatment groups comprising 
three body temperature levels (37-3, 37-9, 38-5° C) and three durations of 
exposure (4, 1, 2 hr). The acclimatization period consisted of twelve daily 
exposures. Body temperature was first rapidly raised to the target level in 


a sauna-like climate (D.B. 43°C, W.B. 40-5° C,.air speed approximately — 


200 ft. (61m) min). The subject was then totally enclosed, except for 
the face, in a vapour barrier suit, proceeded to a further room (D.B. 38° C, 
W.B. 26° C, air speed 50 ft./min) and reclined throughout his particular 
duration of exposure. Body temperature was monitored continuously by 
indwelling oral thermistors and maintained on target by controlled ventila- 
tion of the vapour barrier suit. Before and again after the acclimatization 
period the subjects were given a 2-hr uniformity test comprising controlled 
activity in a standard hot climate (D.B. 40°C, W.B. 32°C, air speed 
50 ft./min). 

During the acclimatization period the subjects aluteined at the lowest 
body temperature level did not show an increase in sweat rate, whereas 
those maintained at the highest body temperature level exhibited a pro- 
gressive increase, which was most marked for the subjects with the longest 
exposure (120%) and least for those with the shortest exposure (50%). 

The uniformity tests showed that acclimatization was enhanced both 
by increasing the duration of exposure (P > 0-05) and by increasing body 
temperature (P > 0-01). Even the subjects maintained at 37-3° C for $ hr 
exhibited a significant acclimatization effect. 

Pulse rate responses showed little change, suggesting that this type of 
heat exposure, in which physical activity is at a minimum, is relatively 
ineffective in improving the cardiovascular response to heat. 

It is concluded that quite small elevations of body temperature, main- 
tained for short periods daily in the manner described, are capable of 
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causing an acclimatization of the sweating mechanism in man, and that 
this effect is markedly potentiated both by increasing the degree of eleva- 
tion of body temperature and the duration for which it is elevated each 
day. | 


Changes in peripheral blood flow with heat acclimatization 


By R. H. Fox, R. Gotpsmrrs, D. J. Kivp and H. E. Lewis. Division of — 
Human Physiology, National Institute for Medical Research, London, N.W.3 


While investigating the effect on the sweating mechanism produced by 
twelve daily elevations of body temperature to three different levels (37-3, 
37-9 and 38-5° C) and maintained for three different durations (4, 1 and 
2 hr), the changes in the peripheral blood-flow response to body heating 
were also examined. The nine male subjects, each representing one of the 
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Fig. 1. Mean forearm blood flows and onsets of sweating for eight subjects before 
and after acclimatization, showing the response to body heating. 


treatment combinations, were tested before and again after acclimatiza- 
tion. The subjects sat in a stirred water-bath which was slowly heated 
from 34° C by a constant inflow of water at 43° C until the subject’s oral 
temperature reached 38-5° C. Blood flows in the hand and forearm were 
measured by plethysmographs and changes in the skin of the chest and 
pinna of one ear by surface calorimeters. Body temperatures were con- 
tinuously monitored by indwelling oral thermistors. Water losses from 
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chest and forearm skin were followed with ventilated capsules and hygro- 
meters. Each subject’s body temperature curves before and after acclima- 
tization were almost identical. Both the time from heating to the onset of 
sweating and the rate of vasodilatation in the forearm when sweating 
started varied quite widely from individual to individual, as might be 
expected. Mean forearm blood flows for eight subjects, omitting one with 
incomplete data, before and after acclimatization, and the times of onset 
of sweating, are illustrated in Fig. 1. The earlier onset of sweating for indi- 
viduals after acclimatization (P < 0-01) agrees with the observation of 
Ladell (1947). Blood flow at the end of the heating period was higher after 
acclimatization in both forearm (P < 0-02) and hand (P < 0-01) and a 
similar trend was also present in the chest and ear. 
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